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-Abstract- 
 

Enhancement of the simultaneous removal of organic matter and nitrogen and improving 
coulombic efficiency of microbial fuel cells 

 

After the adoption of sustainable development goals and the Paris Agreement in 2015, considerable 

efforts are being made to achieve a decarbonized society. According to the Planetary Boundary, human 
activities have affected the nitrogen and phosphorus cycle, which resulted the cycle beyond the range in 

which the Earth system is stable. In wastewater treatment, to realize sustainable water utilization, a 
processing method that is capable of simultaneous removal of organic matter and nitrogen from wastewater 

and achieve both energy saving and energy creation is necessary. Recently, to treat wastewater and 
simultaneously generate electrical energy, microbial fuel cells (MFCs) have been used. The conversion of 

chemical energy to electrical energy is attributed to the exoelectrogenic bacteria that are attached to the 
anode. Unfortunately, the coulombic efficiency (CE) and the power generation of MFCs that are used for 

treating real wastewater were only ~20% and several hundred mW m−2, respectively. Moreover, to remove 

nitrogen from wastewater by MFCs, oxygen is required for the nitrification reaction. Generally, a 
polytetrafluoroethylene cathode is commonly used for nitrogen removal in MFCs; however, the oxygen 

diffusion efficiency of PTFE is relatively low among gas-permeable membranes. Therefore, in this study, 
we aim to improve the oxygen supply performance without any energy input and explore the possibility of 

enhancing the CE of MFCs for the simultaneous removal of both organic matter and nitrogen. 
 

This research has been structured into seven chapters. In Chapter 1, we introduce the background and 
objective of this study, as well as the composition of this research. In Chapter 2, we summarize the previous 

studies on processes related to simultaneous removal of organic matter and nitrogen by MFCs, the limiting 
factors of CE, and the subsequent improvement plans. In Chapter 3, we summarize the experimental and 

analytical methods used in this research. In Chapter 4, a dual-chamber MFC was designed in which a gas 
permeable membrane was introduced for the simultaneous removal of organic matter and nitrogen in 

wastewater. On the one hand, organic matter (electron donor) is treated in the anode chamber of the MFC, 

while the effluent is fed to the cathode chamber. On the other hand, in the cathode chamber, oxygen is 
supplied via a passive oxygen supply through the gas permeable membrane, which leads to the generation 

of nitrate ions that are used as electron acceptors at the cathode to enable power generation. In Chapters 5 
and 6, we examined the chemical and biochemical perspectives to improve CE. Finally, in Chapter 7, we 

provide the conclusion and summarize this research. The primary results presented in Chapters 4–6 are 
discussed below. 

 
In Chapter 4, organic matter and nitrogen in wastewater have been designed to be removed by sequential 

reactions at the anode chamber and cathode chamber of the dual-chamber MFCs, respectively; thus, 
balancing the sequential reactions at the two chambers is necessary. In this study, as the influent, we used 

synthetic coke-oven wastewater containing phenol (organic matters), which requires time to be biodegraded. 
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Moreover, for passive oxygen supply at the cathode chamber, we introduced a silicone rubber membrane 

that has high oxygen permeability (~140 times as high as that of PTFE). The results indicated that although 
oxygen supply was passive, nitrification accounted for 34% of these aeration conditions and that silicone 

rubber membrane can control NO2−-N or NO3−-N production. The dual-chamber MFC used for treating the 

synthetic coke-oven wastewater achieved a maximum power density of 54 mW m−2 with a CE of 2.7%. 
Thus, we conclude that, for sustainable coke-oven wastewater treatment in MFCs, the silicone rubber 

membrane is effective and that the improvement of CE is important for enhancing nitrogen removal 
performance. 

 
In Chapter 5, we studied the effects of linear alkylbenzene sulfonate (LAS) on organic matter removal and 

power generation in MFCs. For this purpose, an air-cathode MFC was operated using acetic acid as the 
substrate because it can be directly consumed by bacteria. We conducted the experiments by infusing acetic 

acid, LAS, and acetic acid into the MFC. We removed 45.3% of LAS within 24 h; moreover, it was 
removed from the alkyl group with highest number of carbon atoms. Furthermore, we obtained a maximum 

voltage of 0.025 V. The CE of the MFC that was operated with acetic acid was 3.4%, while that of the MFC 

operated with LAS was 1.1%–1.6%. These results confirm that the CE of the MFC operated with acetic 
acid and LAS was estimated to be 3.1%–3.3%; however, the CE obtained was 4.6%–5.5%. The 

enhancement in CE could be because of the LAS-affected acetic acid uptake of aerobic heterotrophic 
bacteria (competing bacteria), which were observed on the surface of anode biofilm. Thus, the 

exoelectrogenic bacteria present at the bottom of anode biofilm consumed most of the acetic acid. 
 

In Chapter 6, using a one-dimensional anodic biofilm model, a sensitivity analysis was performed using 
bacteria (exoelectrogenic bacteria and competing bacteria) attached to the anode on CE. The results 

confirm that the effect the competing bacteria’s yield on CE was “very strong.” According to kinetics, yield 
is a constant value; however, that of competing bacteria attached to the anode may fluctuate. For example, 

reactive oxygen species are formed in cells as byproducts of aerobic metabolism, while antioxidants are 
synthesized to protect against cell damage. To synthesize antioxidants, organic matter is used; thus, the 

yield may decrease with decrease in organic matter. Based on the sensitivity analysis results, we 

hypothesize that changes in the amount of antioxidants in the competing bacteria may affect the power 
generation of MFCs. To date, there have been no studies to evaluate the antioxidative capacity of bacteria 

used for wastewater treatment. Moreover, it is difficult to continuously collect and evaluate the antioxidant 
capacity of bacteria attached to the anode in MFCs. 

 
In this study, we applied the oxygen radical absorbance capacity assay to conventional activated sludge 

obtained from a municipal wastewater treatment plant. Then, the total antioxidant capacity was investigated 
based on the assumption that the total antioxidant capacity of aerobic competing bacteria attached to anode 

in MFC performs in the same manner as conventional activated sludge. The results indicated that the 
concentration of organic matter in the aeration tank considerably affected the total antioxidative capacity of 

the conventional activated sludge; moreover, we confirmed the antioxidant synthesis of the conventional 



 3 

activated sludge. These results revealed that the concentration of organic matter considerably affects the 

synthesis of antioxidants in the conventional activated sludge. Therefore, in this study, although we did not 
investigate the effects of antioxidants synthesis on the yield of aerobic competing bacteria attached to 

anode, the same phenomenon may occur in MFCs because oxygen permeates into the anode chamber and 

the concentration of organic matter changes over time. However, in the case of air cathode MFC, organic 
matter concentration and oxygen permeation through cathode can be controlled; thus, there is a possibility 

that the yield of aerobic competing bacteria can be adjusted. To summarize, this work presents a new 
approach for enhancing the CE of MFCs using the antioxidative capacity of bacteria.  

 
The results of this research reveal that silicone rubber membrane is effective for developing a sustainable 

process for the simultaneous removal of organic matter and nitrogen in MFCs. Moreover, LAS can be used 
for enhancing the CE, whereas the ORAC assay of bacteria is capable of providing a new approach for 

enhancing the CE. 
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��� ���m�

������X�{nN$5:>S@¬��

2014 î*ŷƱ�� IPCC +Ƒ 5 Ńǃ�Ï¿Ĩ8:�ÊŭƹŁ&3;'ǚ± 100 îƉñ+

ǧ*ƻŝ�<� CO2 šñ+uĢ�Öň'ŗœ+ŜñuĢ�ŗǵŉ�+uĢ)(�9�ň�

NPXg+ŜĦ«*,Ŷ�ŲÊ�)
'Ï¿�<%
;ȁStocker et al. 2013Ȃ�2��ĩǐ+

30 îǧ*�
%�¹ 10 îǧ, 1850 î�Ǫ+¹	*�Ǝ#
�<6+ 10 îǧ8:ȀŜ&�

:#$��'
=<%
;ȁs �����ȂȁPachauri et al. 2014; ůÑž�2018 aȂ��+°Ä*

#
%�1951∼2010 î+ƻŝ�<�xųíËÊuňŜ+uĢ+­��u,Ŝã¨ĲFP

ȁGHGȂšñ+�ŤŹÒ§*8"%ô�ǌ��<�¸ƫă�ļ5%Ȁ
ȁ95%�u+¸ƫăȂ

ȁStocker et al. 2013Ȃ'�<%
;� 

rĞ�Ŭ�+Ƈ�+ƅ')"%
;«Ɓŧĝ7ǤŨ)(+ĴřǊŠ,¸đîĚ�Ǒ"%

�:�ũ*ƁōǊŠ+Ĵř,�8� 70 îù'ƸƋ69<%
;ȁ»ǡ9�2006Ȃ��<,Ê

ŭŜĦ«æƓ'ƵƳr�+Áǻ*)"%�:�GHG +Đ�Ǣ+è)
�ŢƚƇ�ǖ:³.

čơ¸ƫ)C\lHqŠ+Ƅ��Ăª')"%
;� 

�

�

s �������)(������ _DB�^YXAv{DH]ȁůÑž�2018 aȂ�

�

�������}��DDs�CT8=WªDQ1£- 
ÊŭŜĦ«>ǩń�;�5*ÇǯƇ��rz'):�1997 î*
~ǞǇàĨ��ŷƳ�

<�ȁ�´9�2007Ȃ�ǇàĨ,��ǘÇ �*Ŝã¨ĲFP+Đ�¢ś+ƨª>ƹà��

�5�Ĭø&�;¨Ĳ�ǫ9<%
��ÊŭůÑ>Üơ+¯ł�9ÿðŹ*Þ;�5*�

2015 î*
čơ¸ƫ)Ǧŷżŀ(SDGs)�'
`k®à��đċ�<�� 

2015 î 9 Ī*�ÇǗƢ�&,
čơ¸ƫ)Ǧŷ+�5+ 2030 @OBoU��ŷƳ�<�

�ǘÇ'ǦŷǔuÇ��*¶:Ɲ40�żŀ>ď��ȁWorld Health Organization�2015Ȃ�



Ƒ �Ə� ïǅ�

- 4 - 
 

�+y*�
čơ¸ƫ)Ǧŷżŀ(SDGs)�'�%�17 +Lql' 169 +TqJWZ�ǂà�

<%
;ȁs �����Ȃ�SDGs +ķ,ůÑ>ÎŻ*��+u*čơ¸ƫ)ƞŚƇ�Ŕ©�ÜÉ

�;'
�6+&�;����9�¹Ç� SDGs >Î*�Ʈ9áğĎǣ'ğƓ>ǂà��Ƅ

á*©�Ø5%��� 

2015 î 12 Ī*Ǧ��<�ň�Ó©ĳƝİƘƑ 21 ÃƤƘÇ�Ǉ&,�ÊŭŜĦ«+ǩń

+�5+ÇǯŹ)ĳƝ3
`k®à��đċ�<�ȁƈ�9�2017Ȃ�ǔuÇ6¾4 190 �

u+Ç'ÊÍ�²§��`k®à&,�űĻǶÀ£�9+íËňŜ+uĢ> 1.5~2°C ĭş*

Ĉ¡�;żŀ>ǂ�ȁ� �����Ȃ��+�5*��xƗù­*,xų+Ŝã¨ĲFP+Đ�

Ǣ>áǋRn*�;'
�ƬŢƚ«+ì>Ǧ
�� 

 

 
s ������g�R�%¦��t�0�.1 ȁůÑž�2018 bȂ 

 

� ������;=O[Dr�ȁůÑž�2017Ȃ 
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����	�X�789<C�82q°Z¯Db� 
�ǧŔ©, GHG šñ>�ŤŹ*Ò§���-�:&)1�ÊŭNPXg+ƍƚpko+

üů/6Ö�)öǸ>³1�%
;��ǧŔ©�ÊŭNPXg/w��öǸ>âƻŹ*ǃ

��;ĞŐ+r#'�%�Êŭ+ǫų (Planet boundary) (Steffen et al. 2015)'
�Ʃ�Ğ�

�;�Êŭ+Ó«*Ǩ�;
1#�+ǹż*#
%��ǧ�ß�*Ŕ©&�;ƔÅ�*�;

'�ǧƇ�+ŷé,ƥĶ�;���+ǺÍ>ǎ�;'�ǧŔ©��Ü�;ƮťǊŠ*æ�

%Ãû&�)
Ó«>ô�ǌ��'
�Ʃ�Ğ&�;�Steffen 9, 9 #+ůÑƷƚ+�!�

ƍƚpko+üů*#
%,�ȀkPI+ǺÍ*�;'Ï¿�%
;ȁs ����	Ȃ(Steffen et 

al. 2015)�#2:��ǧŔ©*'6)
ÖǢ+ƍƚ«ºŨ�ůÑy*ę��<%�:�Ǯu

+ŰĄƖ�Ʈť*Æà&�;ƍƚ+Ǣ>Ǎ�%
;'
��'&�;� 

ůÑy*ưƋ�<;ƍƚ«ºŨ,�Öňy*ę��<;'ǟăǲ7ň�Ó©+°Ä*)

;�2��ŗ7ŞŎ7Êvŉ)(*ŕ��;'ŉÍ+åĶǽ«�ðê+ǈǟƚ«'Êvŉ+

ƃǟăƍƚ+Ŋĵ>ô�ǌ���'�ƀ9<%
;�ũ*���ŲŉÍ+åĶǽ«,�ǧ+

�ò7ŰŔůÑ)(*Ö�)öǸ>w�;�'�9�ƍƚ«ºŨ+Ǭ±,Đŉ�Ů+�ǡ

&'%6ǠƷ)Ǆǻ')"%
;� 

 

 

s ����	�X�D¨�CM2X�789<D�yȁSteffen et al. 2015Ȃ 

 
����
�g�R�%wK�$�3CT8=c��~k«x±�-�²DK�R�d 
£ǒ��8�)Ūŏ>ƪĥ*�čơ¸ƫ)ŉ Ų+áŬ+�5*�ġĮ&,
ŉ'rƣ*

üů�;C\lHqüů��
üůÌƇ�*Ǌ�;Ũǋüů�'
ŉüů�*ſż��ƢºŹ

*¶:Ǐ?&
;ȁs ����
ȂȁÇÈ}Ǖž�2018 aȂ��+y&C\lHqüů,ũ*ǠƷ

)rů')"%
;��<2&�uvŉǛ,C\lHqŘǉÌ'ƿ=<%�����-�ġ

Į�Ç*Ƙ 2200 +vŉ�Ůğǂ��:��+ǳ¦�ŲǢ,ġĮ+îǧǳňƢ�ŲǢ+Ƙ
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0.7%ȁƘ 70 � kWh/î 100 s kW ƙ+°Û¦ŷǳĆȃÎ�+îǧǳ¦�ŲǢȂ*6ǜ�;

'Ï¿�<%�:ȁÇǛ}Ǖž�2014Ȃ��+�5�Đŉ�Ů�ǡ&,¥C\pžC\+Ƃ

ƌ�ź?*Ʊ=<%
;� 

Đŉ�Ů�ǡ&+¥C\pžC\ćƲ'�%�ÚňăŘ«*8:ŷŰ�;hToFP> 

Ų��ŷǳNPXg��;ȁÇÈ}Ǖž�2018Ȃ������+ŷǳǚƉ*��;ŦC\l

Hq�9Ǚ©C\lHq/+ÓĕĤ*�El]qMAIl+¡Ƙ>·�;�5�ĩƜŹ)C

\lHqÓĕ¨ū,Õ1ƸƋ6"%6 40 %Ɖñ')"%
;ȁǳňÝ��2002Ȃ��<*æ

�%�ǐîĐŉ�9ǳňC\lHq>Žē¶:��;ýŰŨŧĝǳŋȁMicrobial Fuel Cell; 

MFCȂȁLogan�2006Ȃ+Ƃƌ�ź?*)"%
;�MFC ,@]q[*�ſ�%
;ŷǳý

ŰŨ> Ų�%�«ÝC\lHq�9ǳňC\lHq+Óĕ&�;�5�C\lHqÓĕǚ

Ɖ*ŦŹÓĕ7łĹŹÓĕ)(�ĀƷ'���Ƙ 80%6Ȁ
C\lHqÓĕ¨ū�ú9<

;¸ƫă��;ȁǳňÝ��2002Ȃ�2��MFC *8;Đŉ�Ů,ħň�ĀƷ'�)
�5�

ŔăŊőŐ'Ň0;'žC\&�:�µā*8;ŰąŨ6ŉ'{ǟ«Ţƚ&��9*ǾǷ>

ŷŰ�)
)(+ũþ>č"%
;��+�5�MFC +Ƃƌ,xųy�9�Œż>Ŗ.%


;� 

 

 

s ����
�E}��Ds�C�82w¡|DQ�-F�ȁÇÈ}Ǖž�2018Ȃ 
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����(���-� Dou�?��DSl©P�MF�«L�DiUCT8=�® 
MFC ,ýŰŨ+ŵ«�ǆƫ> Ų�%�īłŨ+y*¾2<;«ÝC\lHq>Žēǳ

ňC\lHq*Óĕ�;ćƲ&�:ȁLogan et al. 2006Ȃ�īłŨ>¨ūŹ*Ǭ±&�;�ȁ�

�����Ȃ�ƍƚ)(+ĶǽÐǼ+Ǭ±>áŬ��;�5*ë×�ĀƷ');�ǟƚ, MFC +

ESq[&ǳÛ·ä�'�%rƯŹ*Ų
9<;ȁLogan�2008Ȃ�rĞ�ǟƚ+�=:*|

ƃǟÐȁNO2
  NȂ2�,ƃǟÐȁNO3

  NȂ>ǳÛ·ä�'�%Ų
;�'�&�;��+

ƟĲ�NO2
  N 2�, NO3

  N �Ǭ±�<;ȁBuitrón et al. 2014Ȃ�����Đŉy+ NH4
+ 

N > MFC &Ǭ±�;�5*,�ƃ«µā&ĀƷ');ǟƚ>�Ơ�;ĀƷ��;� 

�<2&+Ƃƌ&�ǟƚ�C@ESq[Ì MFC +ekXZjalDnCVmoȁPTFEȂ

ESq[>Ǔǚ�;ũă> Ų�%�C\lHqakq&īłŨpƍƚ+¼ĤǬ±>ĺǁ�

�Ï¿ȁYan et al. 2012; Min et al. 2019Ȃ��;��ǟƚ�Ơăƫ+½u�Ǆǻ')"%
;

ȁBronzino et al. 1999Ȃ�{Ŀó7tĿó MFC > Ų�%ƍƚǬ±>ǜą��Ï¿6�;�

ȁVirdis et al. 2010; Zhang et al. 2013; Sotres et al. 2016; Zhang et al. 2014Ȃ�ÔǝC\lHq>

ĉ�%ESq[Ŀ&+Ǖň�ĀƷ&�"��ÔǝC\lHq+ĉ�'Ǵ¨ūŹ)ǟƚǓǚ

ă*8;ǟƚ�Ơ*Ǩ�;ǂǀu+Áǻ>ĘÂ�;�',�čơ¸ƫ) MFC &+ƍƚǬ±

+Ǆǻ&�;� 

rĞ�MFC +Ƃƌ, 1999 î�9ŬĤţ2&Ƙ 20 îǧ>Ņ?&����ǫ9<%
;ŷ

ǳ¨ūȁCoulombic efficiency; CEȂ'�¦,ĭ *Ǆǻ'�%ņ�<%
;��<2&*�

CE >½u��;�5*�ƴƦ+Ľǖ+ĺǁȁLiu et al. 2005; Ahn et al. 2012; Miyahara et al. 

2013; Kim et al. 2016Ȃ�ƾÙ7ǳļ+įĝ+ĺǁȁYoshida et al. 2016; Liu et al. 2018; Zhao et 

al. 2018Ȃ�Đŉ+ƊǼ+ĺǁȁMin et al. 2005; Luo et al. 2009; Yoshizawa et al. 2014Ȃ7ýŰŨ

+ƧǰĽǖƽıȁKim et al. 2007; Liu et al. 2017Ȃ)(ÕƼŹ*Ƃƌ�<%��������

�����*Ɔ��8�*�áĐŉ&,�CE , 20 %Ɖñ�ŷǳ¦,ĚŸ mW m-2 Ɖñ*Ŵ2"

%
;��+{#+Ǆǻ>ƽŌ&�)
'�áªāŲ2&,áŬ���
'Ʃ�9<;�ũ

*�£ǒ��8�*�MFC ,rƊǼ+ŧĝǳŋ'�%Ȁ
C\lHqÓĕ¨ū�ũþ&�

;��áĐŉ&,�<>¬�*ŷĖ&�%
)
� 

áĐŉ>Ų
� MFC + CE >¡ǫ�;ƷÄ,
1#�6�;��Đŉ+ƶǱ)Ɲą8:

@]q[ǳļ*�ſ�;ýŰŨƧǰ�Õľ&��+y*īłŨ>ė¶�;�ŷǳ*Ǌ�)


ƐºýŰŨ+ÜÉ+öǸ�Ö�
ȁLuo et al. 2009Ȃ����"%�CE >½u��;�5

*�MFC +Ľǖ)(+^q[+ǵ+ĺǁ+�*«ÝŹ�Ű«ÝŹ)ƺţ�9ƐºýŰŨ+

īłŨė¶>¡ǫ��;@bnqV�ĀƷ 'Ʃ�9<;� 
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� �������%2hw4�4= �-�1 Dou�©P$�«d� 

 

   

� �

Wastewater source
COD Removal efficiency

(%)
CE

 (%)
Power density

(mW m-2)
References

Domestic wastewater 90−95 20–27 766 Chen et al. (2006)

Domestic wastewater >94 15–22 62−120 Ahn et al. (2013)

Domestic wastewater 62–94 9–31 328±11 Ahn et al. (2014)

Food processing wastewater 86 21 230 Mansoorian et al. (2013)

Septic tank wastewater 94.5 ± 2.67 8–22 142 ± 6.71 Yazdi et al. (2015)

Mixed wastewater 87 ± 5 18 ± 2 360 Toczyłowska et al. (2018)

Swine wastewater 83.8 – 175.7 Zhuang et al. (2012)
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�������

ĮǅĜ&,�MFC *8:īłŨǬ±*§��C\lHqakq&ƍƚǬ±6ǜą�;�

5*�ň�Ǔǚƭ>ç���{Ŀó MFC >Ľƕ���+Đŉ�Ů'ŷǳ+ăƫ+Ǆǻ>ģ

9�*�;�'>żŹ'�;�2��ĚÝŹȁMFC +ĚÝiYlȂ�«ÝŹȁŰŨƭÔ+«

ÝŨǋȂ�Ű«ÝŹȁŰŨƭ�+_ADfqEqȂ+¹ƺţ�9�MFC +ŷǳăƫ+ĘÂ+

¸ƫă>ĺǁ�;�'>żŹ'�;���Ź*,��v+ 3 ţ>ĺǁ�;� 

 

� ǟƚǓǚă�Ȁ
NkKqoƭ>ç���{Ŀó MFC >Ʃĸ��·©Źǟƚ�Ơ*

��; MFC +īłŨpƍƚ+¼ĤǬ±'ŷǳ+ăƫ>ǃ��;� 

� ǭADoųǵŔă¤+r#&�;Žǥ@lGlcoRoPldoǟȁLASȂ*ſż��

�<� MFC +īłŨǬ±'ŷǳ*æ�;öǸ>ģ9�*�;� 

� CE >½u��;*��:�MFC +ĚÝiYl>Ų
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Ġ÷+Ƃƌ�&,ýŰŨŧĝǳŋ*��;īłŨpƍƚǬ±*�=;¹ƊbnQ

P�CE +¡ǫƷÄ'�+ĘÂ*Ǩ�;�<2&+ÝƲŹ)ƀƸ>ěŮ��� 
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�áǿ��ı'ƽı+ĞŐ>2'5�� 

Ƒ 4 Ə
ň�Ǔǚƭ>ç���{Ŀó MFC *8;īłŨpƍƚ+¼ĤǬ±'ŷǳ�&,�
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Ʃĸ���2���+īłŨpƍƚ+Ǭ±'ŷǳăƫ>ĺǁ��� 

Ƒ 5 Ə
ǭADoųǵŔă¤�ýŰŨŧĝǳŋ+īłŨǬ±'ŷǳ*³1�öǸ�&,�

«ÝŹ)ƺţ�9�ǭADoųǵŔă¤>Ų
% CE >½u��;ĺǁ>Ʊ"�� 

Ƒ 6 Ə
ŷǳ¨ū*öǸ�;ýŰŨ`jhqTq+Č�'Ċǟ«_ADfqEq+ Ų
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Ƒ 7 Ə
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既存の知見の整理
（第2章）

社会的・学術的背景と研究目的
（第1章）

方法
（第3章）

陰イオン界面活性剤がMFCの
有機物除去と発電に及ぼす影響

（第5章）
気体透過膜を導入した二槽式MFCに
よる有機物・窒素の同時除去と発電

（第4章）

総括（第7章）

発電効率に影響する微生物
パラメーターの抽出と抗酸化バイオ

マーカーの利用可能性
（第6章）

MFCの有機物・窒素の同時除去性能および発電効率の向上
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����byvuj�s�����A+,mrva��%Vl�S�

����������A+,mrv�S"|��

�� �����%o��

đůŦťĪǱŐǾMicrobial fuel cellsȁMFCǿ-ŷǱđůŦC­ű�&	ĳŅŦ�=żĢǱ

ŌJezO�CÃ>©��(�'�?ǾLogan	2006ǿ
GOyV, Potter -¬8&đůŦ�

=ǱŌCÃ>©��(+ė´�!ǾPotter	1991ǿ
���	ůŰ�@?Ǳ³,û*�:ğƜ

Ė,ÔǷ�=	�,Ď�,ªǝ',ŷý-�@3)æ��*�$!ǾLogan	2008ǿ
1990

Ă�¬Ĵ	ťĪǱŐ1,ǥē�Ǽ5@	MFC 9ŕŻCǭ8!�	�,įĴ',ŷǱ-äǘ

�=¹ít`FJ�[�ǾMediatorǿ�?
-ǱëTvaz,ŝµ�Ĕƴ'�$!!8	�

,Ǽ
RVa� MFC ,ŷýC®Ɣ�!ǾSantoro et al. 2017ǿ
MFC ,ŷý,ā�ǣ�@!

,- 1999 Ă'�>	Kim =Ǿ1999ǿ-t`FJ�[��*�&9ŷǱ'�?đůŦCƵ©

�!
t`FJ�[�,ě¥CŴ��(+<>	RVa�Ě�=@	ŷǱ¶Ū9ĥÕ�@

!
���= MFC ,ƀƈ�źD+ýǣ�@!ǾY �����ǿ
Y �����+ƃ�!<�+	MFC

,ƀƈ-ĳŅŦǨ¿~ŷǱ+()5=�	Ef�b(LZ�b¡,ÁĕC­ű�&	Ɗƕ

ǾFeng et al. 2015ǿ	>DǾHirooka et al. 2013ǿ*),ĻǺàǸ,Ǩ¿,ƀƈ9å�ÞÏ�@

&
?
��&	�,<�* MFC 'ǆ�?ÁĕC­ű�& 6 �P|sǾTandukar et al. 2009ǿ

*),ĳòǜǟþGK},Ǩ¿:Ƃ¹Ŧ,Ǩ¿ǾZhao et al. 2008ǿ	gGKX}S�ǾKim et 

al. 2007ǿ,ǣŷ5'ĕű�@&
?
5!	MFC ,ŷǱ,tLdWsCŗű�&	ăǅŘ

¹CŻŹ(�! SMFCǾDonovan et al. 2011ǿ:ƦàCŻŹ(�! MDCǾLuo et al. 2012ǿ*

)9ǣŷ�@&
?
�=+	�@=,ÇƇ,đůŦťĪǱŐ+82>	�,ŷǱ,Ë�

:ŭƸCŜ8?!8+	ƱƠ,łǓ	ķĪ,ǣŷ	Ĩíu`z,łƐ*),ƀƈĨå�Þ

Ï�@&
?
 

MFC - 1 ƇǸ,ǱŐ'�?,'	Ef�b(LZ�b�=*?
Y ����� +ƃ�!<�

+	Ef�b'-	ĳŅŦǾǱë���ǿ�đůŦ+<>Ǜ¹ªƸ�@&	�Ǜ¹ŢƕǾCO2ǿ

(l|a}ǾH+ǿ�ůė�@?
�,Áĕ+�
	đůŦ�§'ŷů�?Ǳë-Ħ©�@

ǱŁ'ÖÂ�@?
�,Ď	Ǳë-äǘÖǇCƘŲ�&LZ�b+ƅ·�	LZ�bŁ'

Ǜ¹°ǾǱëÄô�	Y ����� +�
&- O2ǿÀMEf�b�=ǪGK}�ģƨCǑ�&

Ğħ�&�? H+(Ǘ¤Áĕ+<>ōǾH2Oǿ�ůė�@?
�,<�+	äǘÖǇ+ĝĜ

CƼ�?(ǱŌJezO�CÖÂ�?�(�'�?
 

MFC ,łǓ(�&-Ń�*[GlǾLogan	2008ǿ�ÞÏ�@&
?�	æ��ª�& 2 

ńÜ( 1 ńÜ�ìÚ�?
2 ńÜ MFCǾY �����ǿ'-Ef�bń(LZ�bń�l|a}

�ģƨ'�«=@&�>	Ǜƕ*),Ǜ¹°ǾjIyTE}¹LyHs:Ǜ¹q}M}�

�B@?�(9�?�	RVa���=*
æŌ�,Ǜƕ-<�­ű�@?ǿ-LZ�b

ń1(�ƚ�@?
�,[Gl-ŌöĖ�Ǽ
(
�­ţ��?�	Ǜƕ,ō1,ŠƸĄ

��
�(�=	ǛƕCǛ¹°(�&�ű�?ßÈ+-ǑŌ�Ĕƴ(*?
�ī 1 ńÜ MFC

ǾY �����ǿ'-JELZ�bǾǛƕŇŁǿ(Ð.@?ƨ[Gl,LZ�b��ű�@?
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JELZ�b-Ǜƕ,ǏǕĖCğ#	æŌ��=ǏǕ�!Ǜƕ-§¡+R�_F}Q�@

!ŸǟƹéǾLZ�bÁĕ,ƹé(�&-Ÿǟ�<��B@?ǿ+<>Áĕ�ǔ7
�,

TV_s'-ń§+ǏǕ�!�±,Ǜƕ�đůŦ+<$&ŚǄ�@?!8+ĳŅŦ�=,

JezO�ÖÂ¶Ū-��*?�	�ńÜ(Ŋǈ�&x}d}QRVa���Ě�=@	

5!§ǘĝĜ���*?!8ď=@?©³�Ǽ
¢Ë+�?ǾLiu et al. 2004ǿ
���!­

ţ�=�ńÜ MFC -ǌĂå�,ƀƈƢ+�ű�@&
?ǾZhang et al. 2019ǿ
 

MFC -Y ����	 +ƃ�!<�+	¹íǱŐ+þ�?
Ê�<�+đůŦťĪǱŐ-	g

GKqVCťĪ(�&
?!8	gGKqVǱŐ(Ð.@?�(9�?ǾĺÙ	2009ǿ
g

GKťĪǱŐ-	ǚƕCƹé(�?ǚƕťĪǱŐ(đůŦ�,9,Cƹé(�?đůŦť

ĪǱŐ+æ��ª�=@?
�,ÝĶŹ*ŷǱ¾ŭ-Ê�'�?
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Y ������ GqZ ����Ǿ� Ȁt`FJ�[�ǿ� � � � � Y ������ FqZ ����

�

�

Y ����	� �s%L��ǱŐĀŀ���

 

�� �|�byv%�\H� 

Ǳë�ǖÁĕ-ůŦ�ůÑCƝğ�?!8+Ĕƴ*JezO�Cď?!8,ÝĶŹ*Á

ĕ'�?Ǿƫ¾	2014ǿ
ÐÎǢ,Ǳë�ǖƓ-�,�Ư�,�%'	��'Ǳë-Ǜ¹Ǘ

¤Ǳ�,�
ŦǅǾǱë���ǿ�=Ǽ
ŦǅǾǱëÄô�ǿ1(�ǖ�@?
�,Ǭ+

Ħ©�@?JezO�-l|a}ǻ·³1(ãģ�@?
ůŦ-�,ǻ·³C­ű�& ATP

CÈė�	JezO�Cũď�?
å�,đůŦ-ǛƕǾO2ǿCĲƗǱëÄô�(�?ç

ŌÐÎCƮ��	ƁǛGK}ǾNO3
�ǿ:ƂǛGK}ǾSO4

2�ǿCű
&êŌŹ*ÐÎCƮ�

đůŦ9
?
�=+Ǜ¹ǠǾIIIǿ:Ǜ¹q}M}ǾIVǿ*),ǟþǛ¹ŦCĲƗǱëÄ

ô�(�&­ű'�?đůŦǾŵ¹ŹǟþǗ¤ƖƬǿ9ìÚ�?ǾǼè=	2009ǿ
ŷǱđ

ůŦ-�,<�*đůŦ+þ�?
 

ŷǱđůŦ,�' Shewanella(GeobacterþƖƬ-u`zđůŦ(�&ƀƈ�ǔ8=@&

�!ǾPalanisamy et al. 2019ǿ
�,ƖƣäǱë�ǖ,ªëŅł-Y ����
+ƃ�!<�+ 2
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�%-Ɩƣäƨ+�?TaP|s c 5!-úǱĖ,ƟŋǾnanowireǿ+

<?żĢŹ*Ǳë�ǖ'�>ǾGeobacter þƖƬ( Shewanella þƖƬǿ	9��%-Ǳë�

ǖŦǅǾt`FJ�[�ȁY ����(ǿC��&ǤĢŹ*ƘǇ+<>Ɩƣä,ǱëÄô�CǗ

¤�?ǾShewanella þƖƬǿǾǼè=	2009ǿ
#*6+	Geobacter þƖƬ-ƛùêŌĖƖ

Ƭ'	Shewanella +þ�? Shewanella oneidensis MR-1 ļ-ǑĖêŌĖƖƬ'�?ǾÉǝ=	

2006ǿ
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��������� A67,mrva���SAJ-,U�<B75�

¯Ǎ�!<�+	MFC ,LZ�b¡,Ǘ¤ÁĕC­ű�?�(+<>	ġō�,ƊƕC

Ǩ¿�?�(�'�?
%5>	Ǜƕ,�B>+�ƁǛàǾNO2
��Nǿ5!-ƁǛàǾNO3

�

�NǿCǱëÄô�(�&�ű�?�('	ƊƕǨ¿Cǖė�?ǾVirdis et al. 2008ǿ
��'

,pG}a(*?,-	ġō�,NH4
+�NCNO2

��N5!-NO3
��N+ãģ�?�('�?
  

å�,ƀƈ'-�ńĆ:�ńĆ, MFC Cǣŷ�& NH4
+�N Ǩ¿Cƾ6!ǾVirdis et al. 

2010; Zhang et al. 2013; Sotres et al. 2016; Zhang et al. 2014ǿ
���	
�@9äǘJezO

�Cµ�&LZ�bń'İŌCƮ*$&
!
Yan =Ǿ2012ǿ-py_axjzK|J]{

}ǾPTFEȁJELZ�b MFC '<��ű�@?ǿLZ�b'�=@!JELZ�b MFC

Cű
&	NH4
+�N Ǩ¿Cǖė�!(ÞÏ�&
?
���	PTFE ,ǛƕǏǕĖ-ǧ=@

&
?ǾBronzino	1999ǿ
�@+ù�&	Ō�ǏǕƨ-ŊǈŹ+Ǽ
ǛƕǏǕĖCğ$&

�>	�@5'+ MFC ', NH4
+�N Ǩ¿+9�B@&
?ǾGong et al. 2007; Terada et al. 

2006; Hu et al. 2009; Yu et al. 2011ǿ
���	
�@9p}l']w�kŨŌ�ǏǕƨ+ƉŌ

CǎŌ�&�>	MFC 'ÖÂ'�!ǱŌJezO�CĤ�?�(+*?
 

 

������4bBCQw����%N��X"�%fW��

CE C����?ƴ×-
�%��>ǾLogan	2006ǿ	�ǿEf�bń+Ef�bÐÎđ

ůŦǾŷǱƖƬǿ�ä,đůŦ�ìÚ�?�(Ǿ��.	t[}ůėÅƖƬǿ	�ǿÝǅ,

�+ƂǛGK}	ƁǛàGK}*),ǱëÄô��ìÚ�?�(	�ǿEf�bń+Ǜƕ

�ř¥�&�?�(ǾEf�b+çŌĖđůŦ�
?ǿ�Ġ�=@?
 

����	'Ǎ2!<�+	ƱƠ,łǓ�:ķĪǣŷ,ǳ'�ǿ+ùĕ�?�(�ÆƤ'�?

�	�ǿ(�ǿ+ùĕ��!

�!�$&	¹íŹ	ů¹íŹ*ƶţ�=�ǿ(�ǿ,

ùĕƏCĿƻ�?�(�ǜƴ(ơ�=@?
5!	MFC -đůŦí	ů¹í	ǱŌ¹í*

)�ƳǮ+ƙ5$&
?9,'�?!8ǾDo et al. 2018ǿ	CE CĥÕ�?!8,pG}aC

ĩŭ�?�(�ǰ�

�ī	Ĩíu`z-�,<�*ÔǷ+ù�&ĉ³*^�z'�?

!8ǾOu et al. 2016ǿ	�,ŗű9Ĵč'�?
�

�

� �
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����{�tdO�

������{�tdO%o��

ųǳŗĖ°-ƯǳĈ³Cć8?�ű,�+	ųǳŗĖ°,ō�,šĄCǼ8?(	ªë

�æǞ+ǭ5$&ƷōÝCä¡+�&rXz(
�Ŭ�CĊė�?Ėǅ��?�(�=	

ŖŘ°"�'-*�	¹ƒÓ:ǹĪÓ:ƭ	R}Py�a,ƲǓį*)Ń�*ßǳ'�B

@&
?ǾĮĶŰŀŖŘ¼ǁ�	2011ǿ
 

ųǳŗĖ°,łǓCY ����� +ƃ�
ųǳŗĖ°+-ƷōÝ�ō�'Ǳǯ�&GK}(

*?9,� 3 ƇǸ	GK}+*=*
9,� 1 ƇǸ,ƺ 4 ƇǸ��?
��&	ƷōÝ�

qGcV+Ǳǯ�?9,CǩGK}ųǳŗĖ°	lxV+Ǳǯ�?9,CǪGK}ųǳŗ

Ė°	EzLyĖōŠś�'-ǩGK}ųǳŗĖ°	ǛĖōŠś�'-ǪGK}ųǳŗĖ

°,ĖǅCƃ�9,C�ĖųǳŗĖ°(
�
�, 4 ƇǸ,ųǳŗĖ°-	ƷōÝ:Ŷō

Ý,ƇǸ:¾Ī+<$&ı+Ɩ��ª�=@?
��&	�@ @ŵ*?Ėǅ��>	ű

ǐ+<$&�
ª�=@&
?
 

ĮĶ',ųǳŗĖ°,ĂǤ¦Ø©ƪǞ-ŖŘ°:¹ƒÓ+Í5@&
?"�'	Ɣ 18 �

a}'�?
�,§ƽC6?(	ǲGK}ųǳŗĖ°,�%'�?pyEzNzJ�_z

ǾAEǿ�¦Ø©ƪǞ,Ɣ 60ǽC½8&�>	ūÚ9âµ�Ɯ
&
?
ņ
'ǩGK}ų

ǳŗĖ°,�%'�?żǢEzNzm}Y}Vzo}ǛÀM�,àǾLASǿ�Ɣ 25ǽC½

8	��»ĨĂşû�&
?ǾƘŞŰŀŽ	2014ǿ
�,�%'Ɣ 9 ²C½8	ņ
'ǪG

K}ųǳŗĖ°	�ĖųǳŗĖ°,Ƕ+Ɯ�
 

 

 
Y ������ {�tdO%p�"���

 

������}�LA3A=C8C5A>C�[�.
��"yL� 
LAS -ŖŘ³(řǏ³+£@&�>ï�'�?�(�=	óąű,ÈėŖ°,�³ųǳ

ŗĖ°(�&æǞ+�B@&
?
���	őÿ:�ō¨ŭß',ŷœÔǷ:	ōůůŦ

1,ŉĖ	�,ųǳŗĖ°(Ŋǈ�&ůªƸĖ��
(
�ÔǷţ9�?ǾOhya	2006ǿ


5!	ō�+ǱƸǅ�å
(ÎžĖ�Ǽ�*?(
�ŧĒ9�?
LAS ,łǓ-Y �����
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+ƃ�!
LAS +-EzNzÝ,ŢƕĨ� 10 �= 14 ,ÊĬ���>	�@ @CEzN

zÝ,ŢƕĨ�û*
Ƕ+	`Tzm}Y}Vzo}ǛǾC10ǿ	H}`Tzm}Y}Vzo

}ǛǾC11ǿ	b`Tzm}Y}Vzo}ǛǾC12ǿ	ay`Tzm}Y}Vzo}ǛǾC13ǿ	

_ax`TzVzo}ǛǾC14ǿ'�?
  

���@5'+	çŌĸ�', LAS ªƸ-å�ÞÏ�@&
?ǾLarson et al. 1993ǿ
LAS -

EzNzÝ,ĵƌ�=çŌĖđůŦ+Ǜ¹�@�ªë¹�@?ǾTsuji et al. 2009ǿ
5!	E

zNzÝ,ŢƕĨ�å
 LAS 3)ůªƸ�@:�
(
�ŧĖ��?
�ī	LAS -êŌ

ĸ�'ªƸ�@+�
(
�,��ƩŹ*ƿǀ'�$!�	Ĳǌ'- UASB ŒǾOkada et al. 

2014ǿ: EGSBǾCenturion et al. 2018ǿƎ+��? LAS ,êŌĖªƸ9ÞÏ�@&
?
�

,ªƸƘǇ-EzNzǢ1,jqzǛ�µ�=	Ɯ
& β‐Ǜ¹Áĕ	Ůǣư�<MƦVz

o}¹, 4 ňǫ+ª�=@?�(�ÞÏ�@&
?ǾDelforno et al. 2019ǿ
�

 

Y ������ }�LA3A=C8C5A>C��.
��%p�_�

�

��������� A67,{�tdO%cz�

MFC +�
&9	Ef�b,ƷōĖƎCĥÕ�?!8,¯¨ŭ°(�&	ųǳŗĖ°-

<��B@&
?ǾKun et al. 2014ǿ
Wen =Ǿ2011ǿ-ǲGK}ųǳŗĖ°,/(%'�?

Tween 80 CJELZ�bÜ MFC +ŝµ�!(�A	Ĳæ©³öĄ�Ɣ 10  Ë��!�(

CÞÏ�&
?
�,ŭŲ(�&	Tween 80 -�žůŦƨ§,ǏǕĖCĥÕ�	Ɩƣƨ'

,Ǳëƅ·,ĝĜCşû��!�(CĠ�&
?ǾWen et al. 2011ǿ
!"�	ĳŅŦ'�?

Tween 80 �	Ǳë���(�&©³+õ��!�Ì�Ǝ+%
&-ƹ@=@&
*

 

�ī	GK}Ė,ųǳŗĖ°9<��ű�@&
?
Dereszewska = (2015) -	ǩGK

}ųǳŗĖ°,/(%'�? LAS ,ǃƪ� 15mg/g-VSS ��+*?(	ŗĖŏŔ,ǛƕÐ

Î�Ě®�@	>DǨ¿Ū9���!�(CÞÏ�&
?
đůŦ,ƨǉǎ'-ƖƣƨC

��! pH ¸Ǚ((9+Ǳƪ¸Ǚ�ǜƴ'�?ǾComeau et al. 1986ǿ
�,!8	ǩGK}

ųǳŗĖ°�ğ%GK}ĖƷōÝ-	Ǳƪ¸Ǚ+ċǴ�?ÆƤĖ��?
�!�$&	ǩ

GK}ųǳŗĖ°- MFC ,�žůŦƨ+ù�&	ǲGK}ųǳŗĖ°(-ŵ*?ċǴCÀ

4�ÆƤĖ��?
���	ǩGK}ųǳŗĖ°��žůŦƨ+��?ċǴ+%
&,ſ

Ƶ-3(D)*

�

Cn = Ci + j + 3
= C10 � 14

CH3 – (CH2)i – CH – (CH2)j – CH3

SO3Na
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����e�RP�

������yIK%e�Rrp�

(1) ŗĖǛƕƇǾROSǿ 

å�,ůŦ-ÐÎ+<>ǛƕǾO2ǿCÃ>Ǌ6	JezO�Cũď�&
?
�§+Ã

>ǊD"Ǜƕ,�#Ɣ 95ǽ-ð¦+JezO�,Èė+ű
=@	ĲƗŹ+-ō(*>ġ

©�@?�	Ɣ 5ǽ,Ǜƕ-JezO�Èė,ǕƆ+�
&V�h�KNTbEdK}

ǾO-
2ǿ~ǕǛ¹ōƕǾH2O2ǿ~ib|NTxULzǾ~OHǿ~�ǜǵǛƕǾ1O2ǿ*),�Ǥ

�(*?ǾRegoli	2000ǿ
�@=,Ŧǅ-ÁĕĖ�Ǽ
!8	ŗĖǛƕƇ(Ð.@?
 

V�h�KNTbEdK}ǾO-
2ǿ-Ǜƕªë+Ǳë��%Ã>Ǌ5@!�ǱëǗ¤�'

�?
�ƩŹ+ſ=@&
?xULzǾÁĕĖ+÷D"¹íƇǿ+Ŋ2?(ÁĕĖ-��	

3�,ŗĖǛƕƇ,¯ǻ�(*?ǾÉÿ	2011ǿ
 

ǕǛ¹ōƕǾH2O2ǿ-�ùǱëCğ$&�=�	xULz'-*

���	ib|N

TxULzCůė�?�ïñ*ĖǅCğ$&�>	ŗĖǛƕ(�&ęB@?
 

ib|NTxULzǾ~OHǿ-ŗĖǛƕƇ,�'Ĳ9Ǜ¹³�ĉ�ÁĕĖ+÷D'
?


�@-	ůė�!ßĘ,ǌ�+ìÚ�?[}hP~ĽǛ~ƥǅ(
$!�=;?¹ÈŦ(

ǒ:�+Áĕ�?
ů�'- O-
2 : H2O2 (
$!¯ǻŦǅ�=ůė�@?ǾæÛ	1999ǿ
 

� �ǜǵǛƕǾ1O2ǿ+-�ùǱë-ìÚ�*
�	ĉ
ŎǱëĖCğ%9,'�?ǾÉÿ	

2011ǿ
 

 

(2) ĜǛ¹Ŧǅ 

� ĜǛ¹Ŧǅ-	ů�§,�ª*ŗĖǛƕƇCǨ¿�?!8,¹ÈŦ,ƞƄ'�?ǾRegoli	

2000ǿ
ŗĖǛƕCǨ¿�?ĜǛ¹Ŧǅ,�'Ĳ9ǜƴ*�ƠC½8?,�V�h�KNT

bUsW[�YǾSODǿ:L[x�YǾCATǿ	Qz[]K}nzKNT\�YǾGPXǿ*

),ǚƕ'�?Ǿøü	2009ǿ
 

� V�h�KNTbUsV[�YǾSODǿ-	O2
-CƹéÁĕ+<>	O2 (ō+�Ò�?ǚ

ƕ'�?
5!	�,Áĕ'ůė�@? H2O2 -�=+L[x�Y:Qz[]K}nzKN

T\�Y*)+<>ĲƗŹ+Ťò*ō+*?
L[x�YǾCATǿ-	�2&,çŌĖůŦ

+Íĳ�?ǚƕ'�?
H2O2 Cǋǒ+ō( O2 +ªƸ�?Ƥ³Cğ$&
?ǾMallick	2000ǿ
 

ŗĖǛƕƇ-ÁĕĖ�Ǽ�	Ɩƣƨ	DNA Ǝ+\t�UC��?!8	ůŦ-ůė�@

!ŗĖǛƕCǨ¿�?Ƥ³Cğ$&
?ǾY �����ǿ
�,ǦĐ,!8+ůŦ��>©�!

Ŧǅ-ĜǛ¹Ŧǅ'�?
�
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Y ������yIK%e�Rrp�

�

�������e�RP�

  çŌĖůŦ-Va{VŮá�+�
&�§'ŗĖǛƕƇ�âµ�?�(�ſ=@&
?

ǾRegoli	2000ǿ
���	ŗĖǛƕƇ-ÁĕĖ�Ǽ
!8	ñǞ�?,�ǰ�

¯Ǎ�

!<�+	ůŦ-�ª*ŗĖǛƕƇ�=ƖƣCî?!8+ĜǛ¹ŦǅCÈė�?
�,¾

ŭC­ű�&	�Ĺǂ*),ōůůŦ,ƀƈ'-	�7
#1\dfmdg^_jo`oMEK

�%D[K<Zp�&X92016q:C[PWY9$#?�6>Xdfmd\�BK<Z>�>\
�F

ZCM?L@Z: 

  C[SLP9�7
#1L;ZSODVCATON\�8FZ� ?(*D[K<ZpSuzuki et al. 

2018q:SH9C[XQ�7
#1\��P/�FZ� U��D[K<Z:GQ�L9TOSC

pTotal Oxyradical Scavenging Capacityq \!$��0P5%EH')�?�<pNahrgang et al. 

2013q:3�9j^bnimofloe\%<H.�	�PWY,�7
�\�8L@Z ORAC

pOxygen Radical Absorbance Capacityq R9adbnjfckh]o	�P�JATOSC WYU+

�>I24O"�?�-MOZHT9�%EH')�?�=K@K<ZpPokhrel et al. 2019q: 

 

������byv%e�RP�

  çŌĖđůŦ'-ŗĖǛƕƇ,ůė(ĜǛ¹Ŧǅ,Èė�ƮB@&
?
Cabiscol =

Ǿ2000ǿ-�,ĜǛ¹ŅłC5(8&
?
���	ōůůŦ:ľŦ(Ŋ2	đůŦ,Ĝ

Ǜ¹³+žŻ�!ƀƈ�-ǧ=@&
?
ºí,ªǝ+�
&	Durán =Ǿ2016ǿ-cfǡ

Ƒë+<?æƧƬ,Ɩƣ§' ROS �ŷů�?(ÞÏ�@&
?
Park =Ǿ2019ǿ9Ê�<

�*ÞÏC�&
?
���	đůŦ,ĜǛ¹³+žŻ�!9,'-*

 

��

��


�� H2O 
+ 

CO2
�����

���
�
 ��	����!

����

ROS
+

O2

��	���

ROS:
Reactive 
Oxygen 
Species
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3.1 Ö�ěğĆg��ëĢú�ý¸Ąc�ï>AæäĆgñ�¸Ą

gĔ� 

	�����`u_zxĆgÿ¿Ģúò�ªģ�ÅgĔ� 
ŚÏćȘ 1 L A½ƼƛWa��ȸSRM reactorȹȸƨĢ 9cm�ȶ- 15.7 cmȹȸċ�	������ĵ

��	����ȹTơ :�3 ƳȲAg�d��ǜȸShin-Etsu Chemical Corp.�JapanȹAȖǅȅȍ

ĬǙTǴE5� 3 ƳȲAg�d��ǜT AȸKE−931−UȿƭĚq�� AȾ31ȿÕ-Ⱦ0.5 mmȿ 

23°C ;AĉĚȾ1.07 g cm−3ȹ�BȸKE−551−UȿƭĚq�� AȾ50ȿÕ-Ⱦ0.5 mmȿ 23°C ;

AĉĚȾ1.14 g cm−3ȹ�#MC CȸKE−581−UȿƭĚq�� AȾ19ȿÕ-Ⱦ0.5 mmȿ 23°C ;

AĉĚȾ1.24 g cm−3ȹ<.5�ǦǖAƙ³?B3Q4Qg�d��ǜ A�B�G5B C Tǯ

ǖ.5�Ƃ·ŷTƵǅ_i;ǛŶ.5ģ�úŶ?Łǫ.> M!?ĉȠ.5�g�d��

ǜA�SO?Wa��š;ĉȠ.5KATĊƘǂ<.5�3 ƳȲAg�d��e�ǜAÝÐ

ƦȖǅ«ǉĬTǰ¬0P5J?ǦǖTY�`�}�l�ȸ30 °C�1 ûŶðȹ;ȌǾ.�Ɛ

ĀȖǅȸDOȹTȊǌƦ?ƍĄ.5�1 fYa�AȌǾB 12 ŕȢ;�O�ǎĻȖǅƱÐćȘ

­ŋȸKLaȹB³Ĳ	����ĳ�Ĳ	����ĳTơ :Ǭƽ.5�ĦNQ5 KLa < DOȸ0 mgO2 L−1ȹ

T³Ĳ	����ĳ?�·.:ŘûȖǅ«ǉȈĚTƽÀ.5� 

 

!"#

!$
= &'((DO, − DO)  (3.1.1) 

&'( =
/.121

$34$5
678

"#94"#5
"#94"#3

   (3.1.2) 

++;�DO BƐĀȖǅȸ0 mgO2 L−1ȹ�DOs BȳéƐĀȖǅȸ0 mgO2 L−1ȹ�DO1 < DO2 B

3Q4QŕÈ t1ȸt1=0 hȹ< t2ȸt2=12 hȹ?#)PƐĀȖǅȸ0 mgO2 L−1ȹ�KLa BǎĻȖǅ

ƱÐćȘ­ŋ;�PȸL d�1ȹ� 

� �
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ċ 	�����ČĂcĔ�Įì�

 

SRM: Silicon rubber membrane 

PEM: Proton exchange membrane 

 

 

A                                         B 

(A) SRM reactor

�Volumetric oxygen mass transfer coefficient (KL a )

�Theoretical nitrification rate

(B) SRM-biofilm reactor

�Nitrification rate

�NH4
+–N residual ratio

�NO2
––N accumulation ratio

(C) Air-cathode MFC

(D) Two-chamber MFC

(E) Dual-chamber MFC

�Organic matter removal (in anode chamber)

�Nitrogen removal (in cathode chamber)

�Electricity generation

�Break down of nitrogen removal

Reactors / MFCs Investigation items

�Organic matter removal

�Electricity generation
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	�����`u_zxĆImoåĖëñ�Ĝ²gÂ§ 
1 gN A NH4

+−N T NO 3
−−N ?ȖÑ0P?B�³Ĳ	���	ĳ?Ʈ.5M!?�4.57 gO2 AȖ

ǅ%ĩǨ;�P�+Aùń­ŋȸ4.57 gO2 gN−1ȹ<ŘûȖǅ«ǉȈĚTÇơ.:�«ǉ-Q

50E:AȖǅ% NH4
+−N AN NO 3

−−N DAȖÑ?Çơ-Q5<¡Ą.:�ƞǵƫÑȈĚ

TǬƽ.5� 

NH<
= + 2O/ → NO1

4 + H/O + 2H
=  (3.1.3) 

 

	���	�ñ�ûĈæäĆg´»cįć 

ȓĔ�ŷ¿ƞõANŀÜ.:&5ƁĬŹžT 4 L AǦǖ?ŁƳ.5��đóǸ<ƅŷ;©

ı.5KATƂ·ŷȸ2 Lȹ<.5�Ƃ·ŷB 9.4390 g (NH4)2SO4�3.1556 g NaHCO3�0.012 g 

KH2PO4 < 0.1 L AħȘșďTåŚ.5ȸSmolders et al. 1994ȹ�ŘǇƦ>Ǧǖ¼AƵǅƔĚB

500 mgN L�1 ;�75�ǦǖAȌǾBȊǌxoně;�ŷƌ 30 °C ;�pH 7.5±0.1 ; 110 œȢ

ǣ75�Ƃ·ŷ�AƅŷƔĚBĤ�?øL-Q�ŘǇƦ? 68ȷȸv v-1ȹ?ǴŌ-QG.5� 

+AM!?ȴǞ.5Źžȸ0.8 g MLSS L�1ȹT 9 [L] cm×8 [W] cm×10 [H] cm A 0.6 L Wa

��ǩĠǦǖȸSRM-biofilm reactorȹ?ŁƳ.5ȸċ�	�����0ȹ�ǦǖAƙ³B�g�d��

ǜɀȸŚÏȮƴ 72 cm2ȹTǯǖ.5�++;ªơ.5ǜ A BŘKȶ ÝÐƦȖǅ«ǉĬǙ

TƮ.5KA;�O�3AǲǆB 
���� ;ǳŔ0P�G5�ÆȆ?ȌǾ.5d�aiƖū

ňĿŷT¿ƞ0P\W^k�±òMFCȸċ�	�����1ĵ��	����ȹA¿ƞŷȸ0.3 Lȹ?�(NH4)2SO4

TƉÎ.�ŘǇƦ>ƵǅƔĚ% 1000 mgN L�1 ?.5KATƂ·ŷ<.5ȸSRM-biofilm Ǧǖ

¼AƵǅƔĚ% 500 mgN L�1ȹ�ǦǖBŷƌ 30 °C�pH 7.5±0.1�Ȋǌxoně?MOȌǾ.

5�NH4
+−N %Ŧ@Ȧ×-Q5ģ�ŇĹTůJ:Ǧǖ¼;Ƅȋ.5ŹžTżȥ-25�Ƅȋ

.5ŹžTĜ&ĶA> M!? 0.3 ɃA¿ƞŷTĿŷ.5�Ɵƚǜ%g�d��ǜ?ÓÁ

?�ƪ0PG; 45 œȢAȌǾTǌ)5� 

45 œȢAȌǾģ�\W^k�±ò MFCȸċ�	�����1ĵ��	����ȹANA 0.5 L A¿ƞŷ

TƂ·ŷ<.: SRM-biofilm Ǧǖ?Ƃ·-25�+AƂ·ŷ?B�30 mgC L–1 AƐĀįŚŭ

ƗǅȸDOCȹ%åGQ:#O�\W^k�± MFC ;Ȧ×;&> KA;�75�G5�Ř

ǇƦ>Ƃ·ŷA NH4
+−N ƔĚ% 500 mgN L–1 ?>PM!?�(NH4)2SO4 TƉÎ.5�ŷƌ<

pH BÊȃAş¢<ã/;�75�NH4
+−N %Ŧ@Ȧ×-Q5ģ�Ƅȋ.5ŹžTåI 0.5 L

A¿ƞŷTĿŷ.5�1 fYa�AȌǾT 10�15 œ?.5�NH4
+−N űĀƜ#MC NO 3

−−N

ǠƴƜB3Q4Q³Ĳ	���
ĳ<Ĳ	���(ĳTơ :Ǭƽ.5� 
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NH<
= − N	residual	ratio =

LMN
O4L	PQRSRTUVTWQR	WR	SXXYZSRT

LMN
O4L	PQRSRTUVTWQR	WR	WRXYZSRT

  (3.1.4) 

NO/
4 − N	accumulation	ratio =

L#3
^4L	PQRSRTUVTWQR

L#3
^4L	=	L#_

^4L	PQRSRTUVTWQR,
 (3.1.5) 

 
	���
�ñ�ĕİ 

g�d��ǜ?�ƪ.5ƟƚǜAƫÑĬǙTǰ¬0P5J?�NH4Cl� NaSCN (0.13 g L−1)� 

Na2S2O3·5H2O (0.58 g L−1)� Na2HPO4·12H2O (0.05 g L−1)� NaHCO3 (4.55 g L−1)<ƅŷ (68% v 

v−1) ȸSueoka et al. 2009ȹ;©NQ5d�aiƖūňĿŷȸŚŭƚ%åG> ȹȸċ�	����ȹ

Tơ :ƫÑǱȵTǣ75�NH4
+−N AÄśƔĚB NH4Cl Tơ : 20�40 < 600 mgN L−1

?ǴŌ.5�G5�ũ¼TŖŶ.>%Nȳé±�ȁA DO Aş¢;�NH4
+−N ÄśƔĚT 600 

mgN L−1 ?.5ǱȵKǣ75�+QNA 4 8AƫÑąȵB SRM-biofilm Ǧǖ;ǣ75ȸȌǾ

ȡý 81 œ ģȹ�ƫÑǱȵ;B¿ƞŷTĄÈ,<?f�|�.�NH4
+−N�NO 2

−−N < NO 3
−−N

TÁŢ.5�ƫÑȈĚB NO 2
−−N < NO 3

−−N AǎƔĚ?ó9 :ƽÀ.5� 

NH4
+−N AÄśƔĚ% 20�40 < 600 mgN L−1 A<&�Ɵƚǜ¼A DO ƔĚB�³�	���) 

Tªơ.:łĄ.5�  

 

` =
abcd

e

fghN
ighN=fghN

fj3
ij3=fj3

k� (3.1.6) 

 
++;�γ BƫÑȈĚȸmgN L−1 d−1ȹ�μmax BƫÑǆǟAŘûŵøŲȈĚȸ1.0 d −1ȹ�ɆBø

ŲÛƜȸ0.24 gCOD gN−1ȹ�SNH4 < SO2 B3Q4Q NH4
+−NȸmgN L−1ȹ< O2ȸmgO2 L−1ȹA

ƔĚ;�P�KNH4 < KO2 B3Q4Q NH4
+−Nȸ1.0 mgN L−1ȹ< DOȸ0.5 mg O2 L−1ȹAȳé

Ąŋ;�X BƫÑǆǟAƔĚȸmgCOD L−1ȹ;�P� 

G1�X BŖŶǱȵ;ĦNQ5ƫÑȈĚ<Äś NH4
+−N ƔĚȸ600 mgN L−1ȹT3Q4Q

³�	���)  ?#)P γ < SNH 4 ?�·0P+<;łĄ.5�+A<&?ŖŶTǣ75A;�

SO2 (KO2+SO2) −1 BȽ<.5�łĄ.5 X B0E:AǱȵ;ã/;�P<¡Ą.5�Ů?�20�

40 < 600 mgN L−1 AǱȵ?#)P SO B�áǱȵ;AƫÑȈĚ�Äś NH4
+−N ƔĚ<łĄ.

5ƫÑǆǟƔĚT3Q4Q³�	���) A γ�SNH4 #MC X ?�·.:Ǭƽ.5� 
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ċ 	����� _z]aâÒÄÁ×ü»Ĳ�� �áāĳ 

Ǳǡä Reagent ƍĄȘ (g/L) 

z[w�� C6H5OH 11.00 

n]gW�Ȗtr�Z� NaSCN 2.60 

÷ÑW��uZ� NH4Cl 35.00 

n]ƬȖtr�Z��ŷéƚ Na2S2O3�5H2O 11.60 

��Ȗŷǅ×tr�Z�Ó×ŷéƚ Na2HPO4�12H2O 1.00 

ƗȖŷǅtr�Z� NaHCO3 91.00 

 

3.2 ¨İ©ĎÒg MFCs gĞęc@gÅ¦sgv 

	�����_z]aâÒÄÁ×T�å?o 641. cĞę 

�� �Ysxczi  641�

ƅŷ;Ėȗ.5d�aiƖūňĿŷTƂ·ŷ<.5 MFC A¿ƞĬǙTǰ¬0P5J?�

9 [L] cm×8 [W] cm×10 [H] cmȸWa��ǩòȹ\W^k�±ò MFC Tªơ.5ȸċ�	�����1ĵ

��	����ȹ�Ww�±ũAŚÏćƴB 0.5 L ;�75�Ww�±ȫťBĴġȮƴ% 28 cm2 A

^���z[�rȸLFP-205�Osaka Gas Chemicals�JapanȹTơ 5�^k�±ȫťB�Ĵ

ġȮƴ% 28 cm2 A^���~�y�ȸ0.5 mg cm–2ȹȸEC-10-05-07� TOYO Corp.�JapanȹT

ªơ.5�Ê¿ƞTąŐ.: > Y]��ńǜȸPEMȹȸNafion 117�DuPont�USAȹT

jy��l<.:ªơ.5�ȫťȢAΔȪBǃ 2.5 cm ;�O�Cu Ǐ; 1kΩ AúȒķĵ#M

CWw�±<^k�±ȫťTǔ*5� 

ǧȝđõANǶƋ.: 56 5ƁĬŹžTŁƳƎ<.:�C6H5OH (0.55 g L−1)�NaSCN 

(0.13g L−1)�NH4Cl (1.75 g L−1)�Na2S2O3·5H2O (0.58 g L−1)�Na2HPO4·12H2O (0.05 g L−1)�

NaHCO3 (4.55 g L−1)<ƅŷ(68% v v−1)TåŚ0Pd�aiƖūňĿŷȸSueoka et al. 2009ȹT

Ƃ·ŷ<.5ȽLAǦǖT 200œȢȌǾ.5�Ǧǖ¼AŚŭƚƔĚB 500mgC L−1;�75�

Ȋǌxoně;ȌǾ.�ŷƌT 30°C <.5� 

+AM!?ȴǞ.5ŹžTơ :\W^k�±ò MFC ?ŁƳ.5�\W^k�±ò MFC

B�Êȃ.5d�aiƖūňĿŷ;ȌǾ.5�MFC AŶƩT N2 _i;ǖń.5�MFC T

ŷƌ 30°C ; 125 œȢ?S5OȊǌxoně;ȌǾ.5�Äś pH T 7.5 ?ǴŌ.5�1 fY

a�AȌǾB�8 œ;�75�Śŭƚ%Ŧ@Ȧ×-Q5ģ�ŇĹTůJ�0.25 L A¿ƞŷT

Ŀŷ.5� 

 
�� �}Ñ³ 641Ĳ;1+�"C=F!A-�641ĳ�

d�aiƖūňĿŷT¿ƞ.>%N�NO 3
−−N TȫÿÝć¨<.5 Two-chamber MFC A

ƤȫĬǙTǰ¬.5�Two-chamber MFC B�Ww�±ũ<^k�±ũ;ŧı-Q: 5ȸċ�

	�����2ȹ�Ş MFC B�\W^k�± MFC AWw�±ũTªơ.�^k�±ũAŧıBW

w�±ũ<ã/;�75�PEM Tjy��l�<.:ªơ.�^k�±ȫť<Ww�±ȫ
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ť<AȢAΔȪBǃ 9 cm ;�75�Ww�±ũAȌǾB�\W^k�±ò MFC <ã/ş

¢;ǣ75�0.5 L A NaNO3 ƐƇȸ500 mgN L−1ȹTȫÿÝć¨<.:^k�±ũ?Ƃ·.�

1 kΩ AúȒķĵTȫťȢ?Ȕǖ.5�Ww�±ũ;Śŭƚ%Ŧ@Ȧ×-Q5ģ�MFC ;Ň

ĹTůJ�Ww�±ũ<^k�±ũAN 0.5 L A¿ƞŷTĿŷ.5�ȽfYa�AȌǾB�

15 œȢ;�O�âǬ 2 fYa�AȌǾ%ǣSQ5ȸâǬ 30 œȢȹ� 

 
�	 �`u_zxĆT¬�>A}Ñ³ 641Ĳ2M=E�"C=F!A-�641ĳ 

g�d��ǜTċ·.5 Dual-chamber MFC Tơ :�d�aiƖūňĿŷAŚŭƚ#M

CÝÐƦȖǅ«ǉ?MPƵǅȦ×ĬǙ�3.:ƤȫĬǙTǰ¬.5�Two-chamber MFC A

Ww�±ũ#MC SRM-biofilm ǦǖT�3Q4Q Dual-chamber MFC AWw�±ũ<^k�

±ũ<.:ªơ.5ȸċ�	�����3ȹ�Ww�±ũBTwo-chamber MFC<ã/ş¢;ȌǾ.5�

Ww�±ũANA¿ƞŷT^k�±ũ?ſ·-25�+AƂ·ŷ?B�Ww�±ũ;Ȧ×

-Q>A75�30 mgC L−1 A DOC TåU; 5�Ww�±<^k�±<AȢ? 1 kΩ Aú

ȒķĵTȔǖ.5�MFC Aȫð% 0.05 V  �?>75<&�0.5 L A¿ƞŷT�ŏAũAN

Ŀŷ.5�Dual-chamber MFC TY�`�}�l�ȸ30°C�1 ûŶðȹ�; 10 œȢȌǾ.5� 

  Dual-chamber MFC ;B�ȫŶÑāƦǛƵȸPuig et al. 2012ȹ�ƫÑǆǟAƵǅãÑ�#M

CƟƚāƦǛƵ?M7:�^k�±ũ;ƵǅTȦ×0P+<%;&P�ȫŶÑāƦǛƵ?

8 :B�Ww�±ȫťAN^k�±ȫťDƱÐ.5a���B�³ 	���
 ?M7:łĄ

-Q5ǎa���<CETªơ.:Ǭƽ-Q5�3.:�³	����<³	����ȸFeng et al. 2015ȹ

Tơ :�ȫÿÝć¨%3Q4Q NO 2
−−N �P B NO 3

−−N A<&AƵǅȦ×ȘTłĄ.

5�ƫÑǆǟAãÑ?MPƵǅȦ×?8 :B�^k�±ũ;Ȧ×-Q5 NH4
+–N AȘ�ƫ

ÑǆǟAøŲÛƜȸ0.24 gCOD gN−1ȹȸHenze et al. 2000ȹ�#MCƫÑǆǟAƵǅåŚȘ

ȸ0.0875 gN gCODȻ1ȹȸHenze et al. 2000ȹTơ :�ƵǅAȦ×ȘTłĄ.5�>#�NH4
+–

N B Nafion ǜTȇ7:Ww�±ũAN^k�±ũ?ƱÐ0P+<%;&PȸKuntke et al. 

2015ȹ5J�Ww�±ũA NH4
+–Nȸ500 mgN LȻ1ȹ%3Q4Q^k�±ũ?ǿȄ-QP<

&�ǿȄ-Q> > <&Aş¢;łĄ%ǣSQ5�ƟƚāƦǛƵ?8 :B�ąȩAƵ

ǅȦ×ȘAN�łĄ-Q5ȫŶÑāƦǛƵ<ƫÑǆǟAƵǅãÑAƵǅȦ×ȘTơ :ƽ

À.5� 

 

Total	coulombs =
nop⊿"#r

st
   (3.1.7) 

++;�a B 1 mol AȖǅ%ȑµÚĪ;ƆǷ0PȫÿAŋȸ4 eȻmolȻ1ȹ�F BzV�q�Ą

ŋȸ96500 C molȻ1ȹ�V BȧťĆA©ÐćƴȸLȹ�
DOC B 1 fYa�;AɂɅɁAùÑ

ȸmgC LȻ1ȹ�b Bz[w��Aùń­ŋȸ3.11 gC gCODȻ1ȹ�3.:ɄBȖǅAÁÿȘȸ32 g 

molȻ1ȹ;�P� 
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NO/
4 + 4H= + 3e4 → 1

2x N/ + 2H/O   (3.1.8) 

NO1
4 + 6H= + 5e4 → 1

2x N/ + 3H/O  (3.1.9) 

 
	�����5�� ;�MpAÁ×T�å?oYsxczi  641 

  \W^k�±ò MFC Bċ�	�����1 ?Ʈ.5Ǧǖ<ã/;�O�3AŧȉT��	���� ?

Ʈ.5�ţƳƎ<.:�¹»�ŷ¿ƞõANŀÜ.5ŪƏƁĬŹžTơ 5�Ww�±ũ

AŚÏćƴB 0.5L <.�Ww�±?B^���z[�rȸ4cm	7cm�Osaka Gas Chemicals� 

JapanȹTơ 5�̂ k�±?Bƥș 0.5mg-Pt/cm2 Töĕ.5^���~�y�ȸ4cm	7cm�

EC-10-05-07�TOYO Corp.�JapanȹTơ 5��ȫťȢAΔȪBǃ 2.5cm <.5�G5�Ƞ

íǽTŧǀ0P5J?�Ww�±�^k�±#MC3AȢ?3Q4Qnl�Ǐ�ip��

išȸSUS304ȹ�ȜǏTơ 5�ȧY]��ńǜ?BtzX]�ǜȸNafion 117�DuPont�

USAȹTªơ.5�ŷƒQTȤ(5J?�tzX]�ǜ<Ww�±ũAȢ?Õ- 1mm Ag

�d��ǜTĽ·.5�úȒķĵB 100(<.5� 

0.5L AƂ·ŷAǈıB�ȕȖȸ100mg-C/Lȹ���ȖǐǤƇ 50mMȸLiu and Logan�2004ȹ�

ħȘșďȸAdrian et al. 2006ȹ0.5mL <.ȸċ�	����ȹ�ŷƌB 30
<.5�ũ¼�ȒBĉȠ

.�Ww�±ũAŶƩBƵǅ_i;ǖń.5�Ww�±ũ¼Tă¸ƈâ-2P5J?��

bvpXoail���;ŇĹ.5�MFC A 1 fYa�AȌǾBǃ 1 œ;�O�fYa�

Ǉ�ƨÊ? 0.5L A¿ƞŷT¸ȘĜ&Ķ'ȌǾT 150 fYa�?S5Oǋǌ.5� 

�

ċ 	����� ¶ģĤ­�úàÞĲ���� áāĳ�

Ǳǡä Reagent ƍĄȘ(g/L) 

÷ÑȚ(Ⅲ)ºŷéƚ FeCl3y6H2O 1.5 

�ZȖ B(OH)3 0.15 

ƬȖȜ(Ⅱ)�ŷéƚ CuSO4y5H2O 0.03 

�ZÑ^�Z� KI 0.18 

÷Ñ��_�(Ⅱ)ìŷéƚ MnCl2 0.12 

��{q�Ȗtr�Z�×ŷéƚ Na2MoO4 0.06 

ƬȖ�ț�ŷéƚ ZnSO4 0.12 

÷Ñdx�r(Ⅱ)ºŷéƚ CoCl2 0.15 

\n��hW��ìȕȖ (HOOCCH2)2NCH2CH2N(CH2COOH)2 10 
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� 	�����641 gÐĝ� 

 
	���	�÷�¶æäTüNĚrB{Õ�skziæäĆsgv 

�� �sgvgÏč�

ǻȸ2019ȹB Marcus Nȸ2007ȹA�Ůµ�q�TØǗ?�ƹâħƟƚTǈHȀU6�Ů

µWw�±Ɵƚǜ�q�T Fortran90 ;ŧǀ.5�Ɵƚǜ;Ɵı.5ȫÿ%^k�±ȫť?

ȏ.�ŷǅY]�<Ȗǅ<ÚĪ.:ȫƂ%ƂQPȍƲBȈLA?ǹ+PKA< !¡Ą;

ŧǀ-Q: P��q�;B�MFC Ǧǖ¼TWw�±ȫť�ƟƚǜĐ�ĺŊĐ�ƇĐT�

Ůµ;ǥƝ.ȸ� 	���	ȹ�3Q4QTħČÒȢȸ5μmȹ?ÁÌ.5� 

Ǧǖ¼AŚŭƚBĺŊ?MOƱÐ.�Ɵƚǜ? PƤȫħƟƚ?ƆǷ-QPȸ³ 	����ȹ�

ƤȫħƟƚAŚŭƚƆǷȈĚB�Monod ě Nernst ěTǈHâS25³ 	���� <³ 	���	 T

ơ 5�ƹâħƟƚAŚŭƚƆǷȈĚB³ 	���
?Ʈ.5ɇħƟƚȘAÛŉBƤȫħƟƚ<

ƹâħƟƚAøŲÛƜTǗİ.5øŲȘ�ŰƑȘÙC¼ƟèæAǝēÁǪA 3 8AȰT3

Q4Q³ 	���( <³ 	���) ?M7:ǥƝ.5�G5�ƟƚǜBħƟƚ%øŲ0P+<?¥

 ıȟ.>%N��ĄÌâ;ËȪ0P�3+;�ƟƚǜAÕ-B³ 	���
 ;Ǭƽ.5�Ɵ

ƚǜ¼AħƟƚĉĚBŒôȸMarcus et al. 2007ȹ?.5% �200 mg-VS/cm3 <.5�Řģ

?�MFC AȫÿƟƠBƤȫħƟƚAóǸņÜ<¼Ɵèæ?MOȫÿƟƠȘ%Ǭƽ-Q�³

	����;ǥƝ.5�ȫƂB+AȫÿƟƠȘANǬƽ.5�Ǭƽ;ơ 5y���l�A±B

ċ�	����?Ʈ.5� 

 

{f

{$
= |

{3f

{}3
− ~�k�                Ĳ3.2.1ĳ 

ÄsÅÇ
{É

{}
+ Ñ = 0                   Ĳ3.2.2ĳ 

�

��

��
��
��

��
��
��

�	
��

�

��
��
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++;�SȾȕȖƔĚȸmmol-Ac cm−3ȹ�tȾŕȢȸsȹ�ÜȾWw�±ANAΔȪȸcmȹ�k�ȾƤ

ȫħƟƚĉĚȸmg-VS cm−3ȹ�ÄsÅÇȾȫŶ¤ċƜȸmS cm−1ȹ�áȾĎȒȫ¦ȸVȹ�ÑȾȫƂ

ĉĚȸA cm−2ȹ 

~� = ~àn}�
f

f=iâä

ã

å}ç(
é

èê
(4É))=ã

k�    Ĳ3.2.3ĳ 

++;�SȾȕȖƔĚȸmmol-Ac cm�3ȹ�tȾŕȢȸsȹ�ÜȾWw�±ANAΔȪȸcmȹ�k�ȾƤ

ȫħƟƚĉĚȸmg-VS cm�3ȹ�ÄsÅÇȾȫŶ¤ċƜȸmS cm�1ȹ�áȾĎȒȫ¦ȸVȹ�ÑȾȫƂ

ĉĚȸA cm�2ȹ�~àn}�ȾƤȫħƟƚAŘûȕȖƆǷȈĚȸmmol-Ac mg-VS�1 d�1ȹ�&ë�ȾƤ

ȫħƟƚAȳéĄŋȸmmol-Ac cm�3ȹ�RȾŶ¨ĄŋȸJ mol�1 K�1ȹ�TȾƌĚȸKȹTǥ0� 

 

~í = ~àn}í
f

f=iâh
             Ĳ3.2.4ĳ 

++;Ɉ~àn}íȾƹâħƟƚAŘûŚŭƚƆǷȈĚȸmmol-Ac mg-VS�1 d�1ȹɈ&ëíȾƹâħƟ

ƚAȳéĄŋȸmmol-Ac cm�3ȹTǥ0� 

 

{ìä
{$

= (î�~� − ïÅñn� − ïóåë�)k�    Ĳ3.2.5ĳ 

++;�î�ȾƤȫħƟƚAøŲÛƜȸmg-VS mmol-Ac�1ȹ�ïÅñn�ȾŰƑȈĚȸmg-VS cm�3 d
�1ȹ�ïóåë�ȾǝēÁǪȈĚȸmg-VS cm�3 d�1ȹTǥ0� 

 

{ìh
{$

= (îí	í~í − ïÅñní − ïóåëí)kí    Ĳ3.2.6ĳ 

++;�îíȾƹâħƟƚAøŲÛƜȸmg-VS mmol-Ac�1ȹ�ïÅñníȾƹâħƟƚAŰƑȈĚȸmg-VS 

cm�3 d�1ȹ�ïóåëíȾƹâħƟƚAǝÁÁǪȈĚȸmg-VS cm�3 d�1ȹTǥ0� 

 

òô = òô + ∫ õò − ï!å$òô        Ĳ3.2.7ĳ 

++;�òôȾƟƚǜAÕ-ȸcmȹ�õòȾÃğ5OAøÎòôȸcmȹ�ï!å$ȾËȪĄŋȸd�1ȹ

;�P� 

 

0 =
{ú

{}
+

où5
û
üå
2~�k� +

où3
û
k�ïóåë�    Ĳ3.2.8ĳ 

++;�ÑȾȫƂĉĚȸmA cm�2ȹ�`ãȾȫÿAŚŭƚğȘȸmmol-e- mmol-Ac�1ȹ�`/Ⱦȫÿ

AħƟƚğȘȸmmol-e- mg-VS�1ȹ�†Ⱦńƽ­ŋȸ86400 s d�1ȹ�üå
2ȾȫÿAƤȫĈ�Ɯ;

�P� 
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� 	���	�÷�¶æäTüNĚrB{Õ�skziæäĆsgv 

 

Ĳ2ĳmtrzdg¹²ĐÍ 

�q�A¸ 12 ¯Ay���lT 10%øÎ-2�CE ?Ċ0PĮĚǪŢTǣ75�áy�

��lAĮĚBŒôȸRead et al. 2010ȹ?.5%7:�³ 	����;ǰ¬.5� 

°Åú = ¢
£§•/§•
∆}•/}•

¢             Ĳ3.2.9ĳ 

++;�°Åú < 0.25Ⱦġȯ>.�0.25 ≤ °Åú < 1Ⱦġȯ%ĝ �1 ≤ °Åú < 2Ⱦġȯ%Ğ �2 ≤ °ÅúȾ

ġȯ%ȭė?Ğ <ÅŎ0P� 

 
� �

e-

ア
ノ
ー
ド

Marcus et al., 2007

拡散層 基質層生物膜層

拡散で酢酸が
供給

�����

�����

�, 2019

MFC
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ċ�	�����sgvb�ç?omtrzdzg� 

 
  

Symbol Description Numerical values Unit Reference

L diffusion layer thickness 0.01 cm Murcus et al ., 2007

D 1 Acetate diffusion coefficient 0.941 cm2/d Murcus et al ., 2007

D 2 Acetate diffusion coefficient in biofilm 0.753 cm2/d Murcus et al ., 2007

q maxE Maximum specific rate of ED utilization for active biomass 0.132 mmol-Ac/mgVS/d Murcus et al ., 2007

q maxH Maximum specific rate of ED utilization for competitor biomass 0.113 mmol-Ac/mgVS/d �, 2019

K SE Harf-max-rate acetate concentration for active biomass 3.0.E-05 mmol/cm3 Murcus et al ., 2007

K SH Harf-max-rate acetate concentration for competitor biomass 0.0011 mmol/cm3 Calculated based on Alavijeh et al ., 20015

Y E True yields for active biomass 4.52 mgVS/mmol-Ac Murcus et al ., 2007

Y H True yields for competitor biomass 3 mgVS/mmol-Ac Calculated based on Alavijeh et al ., 20015

b inaE Inactive decay coefficient for active biomass 0.05 /d Murcus et al ., 2007

b inaH Inactive decay coefficient for competitor biomass 0.02 /d Masih Karimi Alavijeh et al ., 20015

b resE Endogenous decay coefficient for active biomass 0.05 /d Murcus et al ., 2007

b resH Endogenous decay coefficient for competitor biomass 0.07 /d Masih Karimi Alavijeh et al ., 20015

η Local potential 0.5 V Murcus et al ., 2007

X f Biomass saturation density 200 mgVS/cm3 assumed

b det Detachment rate 0.05 /d Murcus et al ., 2007

γ 1 Electron equivalence of acetate 8 mmol-e-/mmol-Ac Murcus et al ., 2007

γ 2 Electron equivalence of active biomass 0.177 mmol-e-/mmol-VS Murcus et al ., 2007

f e
0 Fraction of electrons from the ED used for energy generation to

support synthesis
0.9 dimensionless Murcus et al ., 2007

κ bio Conductivity of biomass 1×10-5 mS/cm Murcus et al ., 2007

τ Time conversion 86,400 s/d constant
F Faraday constant 96,485 C/mol-e- constant
R Idial gas constant 8.3145 J/mol/K constant
T Temperature 298.15 K assumed

0.02  
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3.3 MFC gÊÔäħ�cêī¸ĄgĔ� 

	�	���ÊÔäħ�¸Ą�

MFC AŚŭƚǙÍTǰ¬0P5J?�Ƃ·ŷL¿ƞŷTĄÈ,<?ŀÜ.�DOC <ȕȖ

ȸAcȹƔĚTĄȘ.5� 

 
	�	�����¸Ą�

�� �ī��

MFC AȫðBq�l�_�ȸGL220� GraphtecȹTơ :�5 ÁȢȨ;ǮȞ.5�ǮȞ

0PȫðAƿîB±1.0 V <.5�ģȃ0PÀÍ)ȫƂĉĚŗǏ�ȫð)ȫƂĉĚŗǏ< CE

BȫðAK<?ǰ¬.5� 

�

�� ���4īÝÉĀcī�4īÝÉĀ�

Loganȸ2008ȹAŏŽTØǗ?.:�ǦǖAȫð%ĂĄ.5ģ? 220k( ~ 47(AúȒķ

ĵTơ :ÀÍȻȫƂŗǏ<ȫðȻȫƂŗǏT©ı.5�ÀÍ-ȫƂŗǏTơ :�ǦǖA

ŘûÀÍTǰ¬0P+<%;&P�G5�ȫð-ȫƂŗǏ?#)PǏĠAȒÁȸ´&ȹTơ

 :Ǧǖ¸¨A¼ȒķĵTǬƽ0P+<%;&P� �?ÁťŗǏŽAĲȱTƮ.5ȼ 

<Ĳȱ> 

� ŗǏTŃ'�;�ÓÁ?û&>ķĵ±;�P<Ǘ"NQPúȒķĵȸ++;B 220k

(Tơ 5ȹTŁǌ.5� 

� ȫð%ĂĄ0PG;ȸǃ 6 ÁȢȹȬǖ.�ȫðTǮȞ0P� 

/ ŮAúȒķĵTŁǌ.�ã/'ȫð%ĂĄ0PG;q�lTǮȞ.5� 

� ➁<➂TǕOȂ.�Ĥ�?úȒķĵTČ->KA?ù"ȫðAq�lTǮȞ.5� 
� ĦNQ5ȫðMO]��AŽÉTó?ȫƂTŸJ�Ww�±AĴġȮƴTơ P+<

;�ȫƂĉĚ�ÀÍĉĚTƽÀ.5ȸ³ 	�	��ȹ� 

 

™ =
�3/´¨d≠

Æ
�  Ĳ3.3.1ĳ 

++;�P BÀÍĉĚȸmW m�2ȹ�E BȫðȸmVȹ�RextBúȒķĵȸΩȹ�A BWw�±

AȮƴȸm2ȹTǥ0� 
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� 	�	��� ��4īÝÉĀcī�4īÝÉĀĲWatanabeR2013ĳ 

�

�	 �13�

CE B�Ww�±ũAŚŭƚ%¸:ÁǪ-Q5õâ?Ɵ/PȫÿAa���Ș?Ċ.:�

ąȩ?úȒíǽ?ƂQ5ȫÿAa���ȘAÌâTƮ0y���l;�PȸLogan�2006ȹ�

8GO�CE B MFC AƤȫÏƜTǥ0�xoněA MFC AõâB�3AǬƽěT³ 	�	��

?Ʈ0�>=�ȫƂAƴÁBàĠ¹ěTơ :ƽÀ.5� 

 

Ø∞ =
±∫ ≤

≠
≥ !$

¥µ∂⊿∑∏π
 Ĳ3.3.2ĳ 

++;�M=32ȸȖǅAÁÿȘȹ�b=4ȸȖÑȑµÚĪ;Ȗǅ 1 mol %Ý)ÜPȫÿAȘȹ�FȾ

zV�q�Ąŋȸ96�485 C e- mol�1ȹ�VȾWw�±AŚÏćƴȸLȹ�⊿CODȾŚŭƚȦ×Ș

ȸgCOD L�1ȹTǥ0� 

 
� LAS T MFC ?Ĵ·0PõâA CE B³ 	�	��<³ 	�	�	;ŸJ5� 

 
⊿Ø∫| = ⊿Ø∫|Æª + ⊿Ø∫|'Æf� Ĳ3.3.3ĳ 

++;�⊿CODACȾȕȖȦ×ȘȸgCOD L�1ȹ�⊿CODLASȾLAS Ȧ×ȘȸgCOD L�1ȹTǥ0�

⊿CODAc�⊿CODLAS BƞǵƦȖǅǨŸȘ?ó9 :�³ 	�	�
<³ 	�	�(?MO3Q4QŸ

J5� 

 
⊿Ø∫|Æª = ⊿ºΩ × 2.67�� Ĳ3.3.4ĳ 

++;��AcȾȕȖȦ×ȘȸgC L�1ȹ�2.67 BȕȖA COD ńƽ­ŋȸgCOD g�1Cȹ;�P� 

 

�Ø∫|'Æf =�Øã2 × 2.18Ⱥ�Øãã × 2.23Ⱥ�Øã/ × 2.28Ⱥ�Øã1 × 2.32�� Ĳ3.3.5ĳ 
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++;�⊿C10 ~ ⊿C13Ⱦá LAS ãő¨AȦ×ȘȸgC L�1ȹ�2.18�2.23�2.28�2.32 B3Q4Q

C10 ~ C13 A COD ńƽ­ŋȸg COD g�1LASȹ;�P� 

 
LAS BƂ·ƨģ?0HLA?�ƪƟƚǜLWw�±ƻ?æƪ0PßǙĬ%�P�+Aõ

â�⊿CODLAS BŦīƦ?³ 	�	�)<³ 	�	�
;Ʈ-QP� 

 
⊿Ø∫|'Æf = ⊿Ø∫|'Æf�		¡ÅÇ + ⊿Ø∫|'Æf�		Æsë��Ĳ3.3.6ĳ 

 
⊿Ø∫|'Æf�	Æsë = ⊿Ø∫|'Æf�		Æsë4ã + ⊿Ø∫|'Æf�		Æsë4/��Ĳ3.3.7ĳ 

++;�⊿CODLAS� BioȾȭæƪ LAS AħƟƚÁǪȘȸgCOD L�1ȹ�⊿CODLAS� AbsȾLAS Aæ

ƪȦ×ȘȸgCOD L�1ȹ�⊿CODLAS� Abs-1Ⱦæƪ LAS AħƟƚÁǪȘȸgCOD L�1ȹ�⊿CODLAS� 

Abs-2Ⱦæƪ LAS AŜÁǪȘȸg COD L�1ȹ;�P� 

 
Şǵō;B�LAS AħƟƚÁǪȘ?ó9 : CE Tǰ¬.5�⊿CODLAS-1�⊿COD LAS-2 T

³ 	�	�� <³ 	�	�� ?MOƽÀ.�3Q4QT³ 	�	�� A⊿CODLAS ?�·.�⊿COD TŸ

J5�3.:�³ 	�	��Tơ :æƪ.5 LAS %0E:ÁǪ-Q5<¡Ą.5 CE-1�æƪ

.5 LAS %�ÂÁǪ-Q> <¡Ą.5 CE-2 TŸJ5�3+;�ħƟƚÁǪȘ?ó9'

CE B�CE-1 < CE-2 AȢ?�P<Ǘ"5� 

 
⊿Ø∫|'Æf4ã = ⊿Ø∫|'Æf�		¡ÅÇ + ⊿Ø∫|'Æf�		Æsë�� Ĳ3.3.8ĳ 

⊿Ø∫|'Æf4/ = ⊿Ø∫|'Æf�		¡ÅÇ�� � Ĳ3.3.9ĳ 

 
	�	�	�641 gêīI«?oĨuwxèĬÜ¸�gµĭĔ� 

  Ƃ·ŷAŚŭƚǈıTù"5 3 8AxonǱȵT 1 í18ǣ75ȸċ	�	��ȹ�Run1 ;B�

ȕȖ 100 mgC L�1 TƂ·.5�Run2 ;B�ȕȖ 100 mgC L�1 < 30 mgC L�1 A LAS TƂ·.�

LAS % MFC AȕȖȦ×<Ƥȫ?Ùc0ġȯTǴE5�Run3 ;B�100 mgC L�1 A LAS A

HT MFC ?Ƃ·.�LAS AÁǪLȫÿ«�¨<.:AĈ�TǴE5�Śŭƚ úAǈıB

	��;ȃE5Ƃ·ŷ<ãŨ?���ȖǐǤƇ 50mM�ħȘșď 0.5mL <.5� 

MFC A 1 fYa�?#)P LAS AƊčƜ η B³ 	�	���?MOŸJ5� 

á = ¬1 −
Ø�ôô√ƒåñ$

Ø≤ñô√ƒåñ$
≈ ∆ × 100� (%) Ĳ3.3.10ĳ 

++;�CInfluentȾƂ·ŷ�A LAS ƔĚ�CEffluentȾ¿ƞŷ�A LAS ƔĚ;�P� 
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ċ 	�	����Ý�×gü»�

 

 

3.4 Ü¸ØÛgÿ½Ģ��gĔ� 

	�
���«ėc>A|×�å¡gÏč�

ŞǵōAƺ 4 Ʒ<ƺ 5 Ʒ;ơ 5ƫÑǆǟ< MFCs AŁƳƎ<>PȓĔ�ŷ¿ƞõAŦ

ǨBċ 	�
�� ?Ʈ.5�G5�¿ƞõAĘȮïT� 	�
�� ?Ʈ.5�ŘÄżųźAǺƂŷ

B�6 ���AN>PÚĪũ?Ŧ@ñƻƦ?ȔÁ-QP�G5�á���B 6 ũ?ÁAQ

: P� 1QK�ŘÄA 2 ũBþŶũȸA1� A2ȹ�3AģA 4 ũBüŶũȸO1~O4ȹ<

>7: P�ŁƳƎ<>P<>PƁĬŹžBþŶũA 2 ũƧANŀÜ.5� 

ƺ 6 ƷAŤǭ?# :�ģȃ0PȓĔ�ŷ¿ƞõ?#)PŪƏƁĬŹžAǎĵȖÑÍA

ÐįTĳŅ0P5J?�ƁĬŹžT A1~O4 A 6 ũAN�2018 ę 1 ř 12 œ�2 ř 8 œ< 6 ř 

28 œ?áũAŝƸ;ǣ75� 

�

ċ 	�
��� Ùg®Ġ°|×�å¡gÏč�

ĿŷȮƴ� 2204.98 ha 

ǬƢĿŷ�Þ� 74500���

ĿȦŏŽ� ÁƂě�

¿ƞĲŽ� ŪƏƁĬŹžŽ�

¿ƞŏěǙÍ�ąǒ � Řû�84000m3�œ�

ǬƢƂ·ŷǸ� BOD 188 ppm 
 

 

�� LAS
(mg-C/L) (mg-C/L)

1 100 -
2 100 30
3 - 100

Run
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� 	�
��� Ùg®|×�å¡gÇēÏé�ȸœƶ��ŷȎȒ�2012ȹ 

 

 

� 	�
��� Ùg®|×�å¡g�·Ñ 

 
	�
���Ü¸ØÛg 79�1Ĳ7OPBA*�9=#D"=E��!.+-!=*"A�1=,="DLPĳgĔ�¼Ú�

(1) ǆǘ¼ƐǪĬl�yaǸAĸÀ<ÁŢ 

7!36JN	x$Z�"��YI�?U y=S!����Utf��Regoli. 2000 e�)d

EPS w~=S!����Uj��o�eJN	x=S!����U�%�o�q}wd-DGt

y`����&0O4�Frølund et al. 1996 t EPS�%�ndC]k 500μmxz�gt7!36

x|���nqepx�d��������7500 rpmd 3 mind OMNI Internationald GLH t�

'
@ndX �a�12000 gd4 °Cd15mindKOKUSANdH−1500Rα t��nq�>|8�T

(unqe{qd����4�Liang et al. 2010 �Ags=S!����Ux�.�Rrqepx#

c���wEoe 

嫌気 好気

A1 A2 O1 O2 O3 O4下水
流入 流出
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<Ĳȱ> 
� ƁĬŹžƈâƇȸǃ 1 gVSS L−1ȹTΩĨÁȪƾ?ưÜP� 

� 3500rpmȸ2100g�H-28F�KOKUSANȹ; 5 ÁȢΩĨÁȪ.��ƓHTȬA?ľ:

P� 

/ ΩĨżųƾ? PBSȸFrølund et al. 1996ȹTÎ"�ƁĬŹž~�or<ƈâ0P� 

� ¾Ě�3500 rpm ; 5 ÁȢΩĨÁȪ.��ƓHTľ:P� 

� ƁĬŹž~�orTȧY]��ńŬǚȸDowex 50×8�Na+ form�20–50 meshȹ< 1 

g : 70 g ;ƈâ.�ǃ 30 mL A PBS TƉÎ0P� 

� ➄;ĦNQ5ƈâƇT 600 rpm ; 1 ŕȢŇĹ0P�ƌĚT 4 °C <0P�� 	�
�	 � 

3 ➅;ĦNQ5ƈâƇT 12000 g�KOKUSANdH−1500Rα ; 15 ÁȢΩĨÁȪ0P�ƌ

ĚT 4 °C <0P� 

� ➆;ĦNQ5�ƓHƇ? EPS %åGQPKAȸFrølund et al. 1996ȹ<.:�l�y

aÁŢ< ORAC ÁŢ?«"P� 

� ã/'➆;ĦNQ5ƁĬŹž<ȧY]��ńŬǚAƈâƚ?ǃ 20 mL A PBS TƉ

Î.���������2500 rpmd20 sdOMNI InternationaldGLH t�'
@nsdC

]k 500 μmxz�gt7!369�8���o��ȧY]��ńŬǚTÜOȦ' e

�� 	�
�
  

� ➈;ĦNQ57!369�8���������7500 rpmd3 mindOMNI Internationald 
GLH t�'
@o�elx�/y21tRhe 

� ⓾;ĦNQ57!369�8 12000 g�KOKUSANdH−1500Rα ; 15 ÁȢΩĨÁȪ

0P�ƌĚT 4 °C <0P�3A�ƓHƇ?ƁĬŹžAǆǘ¼l�ya%åGQP

KA<.:�l�yaÁŢ< ORAC ÁŢ?«"P� 

 

 
� 	�
�	� 38� g¾� 
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A                                             B 

� 	�
�
� io8ImoÜ¸ØÛcĩuwx�ÃÓąg�ĪĴ� ��>AÜ¸ØÛĵ0 �Ī

=pAĩuwx�ÃÓą 

 
(2) ORAC ÁŢ 

  ORAC 4y����]�
w�rs�Sm����������Q����� xQ����K

+Bw;�ndL$Z����[o�)4tf��Cao et al. 1997 e�Wnq)4t��nqT

( 30 μLw����]�
tf� AAPH (2d2*-azobis (2-amidino-propane) dihydrochlorided50 

mM) 60 μL u������� 150 μL (125.2 nM) �:�nd37
; 2�^ikw 2+^w�q�Q

����;�nqevidQ��.y������������ (infinite F200PROdTECAN)�A

gsd�V5\ 485 nmd;�5\ 528 nmt;�nqepnsd*��Regoli. 2000 w�gdT(

xQ���x,M�bFu����x,M�bFx��� 	�
�( � Trolox �[w&Hndp�

�=S!����Ǹ[t_nq~x� ORAC unq�³ 	�
�� evidTPx<�u�.x#c�

��wEoe 

<Ǳǡ> 

� Troloxȸ350 µMȹȾ1 L �iz�id? Trolox 0.0219 g TčȘA PBS ;ƐǪ-2��

iWo|0P�+A®ĀơƔǑƇT�ÁŢŕ? PBS ; 20 °Ėȗ.:ªơ0P� 

� z�]�jY�ȸ40 µMȹȾ1 L �iz�id?ǃ 500 mL A Milli-Q T·Q�ŷȖÑ

tr�Z�T 0.1 g ƲĚƐA0�Ů ;z�]�jY� 0.0133 g TÎ"�Milli-Q ;

�iWo|0P�+A®ĀơƔǑƇT�ÁŢŕ? PBS ; 250 °Ėȗ.:ªơ0P� 

� AAPHȸ50 mMȹȾ100 mL �iz�id? AAPH 1.3556 g TƐA. Q�PBS ;�

iWo|0P�+AƐƇBÁŢŴ?ǴŌ0P� 

 
<Ĳȱ> 

� áǱǡAǴŌTǣ!� 

� �Ya�|��r��m�AY�h[al�T Milli-Q ;ƀƃ0P� 

/ z�]�jY��AAPH T|�Y�0P� 

� �Ya�|��r? Blank�Trolox�f�|�T 30 µL ƉÎ.�jor0P� 
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� �Ya�|��r��m�?:ich���TŻĄ.�ÁŢTǣ!� 

� ÁŢǇ�ģ�Y�h[al�AƀƃT Milli-Q ÙCſ·ǡê?ĊĪ0P§ǄW�d

��?:ǣ!� 

 

 
� 	�
�(�79�1 gß§��

 

∫»ºØ	(µmol	TE			mg4ãProtein) =
Ȯƴ Õ×ŪƏƚǸAńƽ­ŋ×Ėȗ°Ɯ

ƐǪĬl�yaȘ
 Ĳ3.4.1ĳ 

 
	�
�	�¤Ö4£ÖÌ�I:<oÊÔäá²cÜ¸ØÛg 79�1 gĦ��

ȓĔ�ŷ¿ƞõAüŶũȸO4ȹŝƸANƁĬŹžTŀÜ.�ΩĨÁȪ.:�ƓHƇTĜ

&Ķ 5�3Aģ�N2 _i;ǛŶ.5 BOD ǱȵŷȸœŞ�ŷȎÔ£�1997ȹ;ƁĬŹž~

�or<ƈâ.�ĉȠ.5_�ićë?Ʊ.5�ćë¼AȕȖƔĚ% 60 mgC L−1 ?>PM

!?ȕȖTƉÎ.�ŇĹ.>%NxonǱȵTýJ5ȸ� 	�
�)ȹ�ąȵBþŶ 1 ŕȢ�ü

Ŷ 1 ŕȢ<.5�ORAC ÁŢơAƁĬŹžAŀÜȸn=5ȹB 0.5 ŕȢ,<?ǣ75�G5�

0.5 ŕȢ,<?�MLSS�MLVSS <ȕȖÁŢơAf�|��bTǣ75�ąȵ�AŷƌT 20°C

?>PM!?Ąƌŷũ;ǣ75� 

 

�
�)�	(��
�����
��
���

����
�����
��
����
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� 	�
�)�¤Ö4£ÖÌ�I:<oÊÔäá²cÜ¸ØÛg 79�1 À�glfeĕİ 

 

3.5 ×Ęedg�Í 

	�(���à¥ºÊÔãúĲ271ĳ�

Şǵō;B�ŷf�|�T 0.3 μm Aǁÿ®ļƜTŚ0P_�iǓǍȸGF-75�W±x�p

oaȹTơ :ƕȍ.�TOC ǬȸTOC-VCSH�SHIMAZUȹTơ : DOC ÁŢTǣ75� 

 
	�(���ġĢĲ�"ĳ 

�� ƔĚB Shimadzu ƯAȶȈƇ¨a��rb�zX�Tơ :ÁŢ.5ȸċ 	�(��ȹ�Á

ŢAş¢Bċ 	�(��?Ʈ.5S 
 

ċ 	�(��� ġĢ�ÍI�ç>AıĜÞ�]wqh^tntzgÏč�

 
 

 

 

 

���� ���� �����

HPLC Shimadzu CBM-20A
Pump A Shimadzu LC-20AT
Pump B Shimadzu LC-20AT
�
� Shimadzu CDD-10Avp

����
�	� Shimadzu SIL-20AC
���
 Shimadzu CTO-20A
�	� Shimadzu Shim-pack
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ċ 	�(��� ġĢ�ÍgÌ� 

 
 
	�(�	�íĥsvyvoxbxavpxĢ¢Ĳ5��ĳ 

LAS BW�`�óAƗǅŋ% 10 AN 14ȸC10 ~ C14ȹAãő¨%�P�LAS AÁŢ?B�

Ǣ¶ŤÀëȸRF-10A XL�Shimadzuȹ�&ȶȈƇ¨a��rb�zX�ȸHPLCȹȸProminence�

ShimadzuȹTơ 5�^��<.: Wakopak Wakosil AS-AquaȸWakoȹ�ŪƏƇ<.: LAS

ŪƏÖƇȸȣŠÑāȹT3Q4Qơ :�C10 ~ C14 A LAS ãő¨TãĄ�ĄȘ.5ȸTsuji et 

al. 2009ȹ�ÁŢAş¢Tċ 	�(�	�ÁŢ;ơ 5ÁŢŭëTċ 	�(�
?Ʈ0�G5�ąȵ;

ơ 5 LASȸWakoȹT�Ê?ÁŢ.5<+R�C10 ~ C13 AåŚƜB3Q4Q 11.0%�34.7%�

32.3%�22.0%;�75�C14 BŤÀ-Q>A75+<AN�++;B LAS ƔĚT C10 ~ C13

AâǬƔĚ<.5� 

 

ċ 	�(�	��5�� �ÍI�ç>AıĜÞ�]wqh^tntzgÏč�

 
�

ċ 	�(�
� LAS �ÍgÌ� 

ÁŢŕȢ 12 min 

Flow 0.7 mL/min 

Column temp 40 ℃ 

Injection 10 µm 

ƐȪƇ 
0.1 mol/L ȍ÷ǅȖtr�Z�Wjrur��

ŷƈâƇȸ65:35� V/Vȹ 

 

 

 

���� 17min
Flow 0.8mL/min

temp 45�
Injection 20μL

��� p-�������������5mol/L

�
�

p-�������������5mol/L
EDTA 100μmol/L
Bis-Tris����20mmol/L


	

���� ���� �����

HPLC Shimadzu CBM-20A
Pump Shimadzu LC-20AT
�
� Shimadzu RF-10XL

����
�	� Shimadzu SIL-20AC

���
 Shimadzu CTO-20A

�	� Shimadzu Wakopak Wakosil AS-Aqua
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	�(�
�sxsjs¸ôúR~ñĢ¸ôúRñĢ¸ôú 

NH4
+ –N�NO2

––N�#MC NO3––N AƔĚB�3Q4QY�±z[w��æ¶¶ĚŽ�t

zn�\n��hW��æ¶¶ĚŽ�#MC{�g�Ž?M7:ĄȘ.5ȸAPHA. 1998ȹ� 

 
	�(�(�65��y65��� 

MLSS�MLVSS AÁŢB��ŷǱȵŽȸ1997ȹ?ĥ ǣ75� 

 
	�(�)�þđĐÍ 

ORAC A±B�ƍĄ.5 5 f�|�AĘñ±�ŪƏ²Ē;ǥƮ.5�Tukey Ž?MO�á

f�|�A ORAC ±AŚĭĒTŤĄ.5�ƣ>PW�zV}orBŚĭĒȸp<0.05ȹ%�

75+<Tĭç0P�+AŤĄBǊǬkzr R ;ǣ>75� 

 

 
�
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�

�

�

�

�

© ) ¨�

�W¼¾´Cv]M3T�x �63 8?A�

���R¦«9i�Âe7�Ã�

� �
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© )¨��W¼¾´Cv]M3T�x �63 8?A�

���R¦«9i�Âe7�Ã 

 
)�	 �W¼¾´9gc�¿«X®Ca�M3

T�x{����Ã�9²��

)�
 �W¼¾´9gc�¿«X®}³7OB

8?A¢d}³�

)�( �63 8?AHSGJ�����9���

Âe7�Ã}³�

)�) IOHSQ´Cv]M3T�x �63 8?

A���R¦«9i�Âe7�Ã}³�

�

��8j=BA���R¦«9i�Âe93>8C�W¼¾´C

v]M3T�x �63 C²�M3D)�	 S:C²�M3NPKJ7HS

GJ�����Cuº7M3 �C»<3D�W¼¾´Cv]M3

�63 9�ª8\§4C)�
 S:C¿«¼¾}³9ÅFIOHSQ´8

¡ MC¯�¿«£csÀZ�C�FRO9gc�¿«X®}³C

¸YM3D=3CIOHSQ´8¢d¬µCV¡LNCgc�¿«

X®Sz@BA¢d½wC�@H8M3D)�( S:C¿«CÃogs

W7M3EaFLSMm �63 7C¢¿~¦«CÃogsW7M3T

�x �63 C�FRCHSGJ�����9���Âe7�Ã}³C

�@H8M3D�y8 )�) S:CIOHSQ´Cv]M3T�x �63

C�ªMCO9���R¦«9i�Âe7�Ã}³C¹<3D�

�

00000000000000000000000000000000000000000000000000000000000000000000000000000000 
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4.1 �W¼¾´9gc�¿«X®Ca�M3T�x{����Ã�

9²� 

ïĞĨ!ĸñ��þpŜţļ9µx��hø¿ MFC CõÌ�9k )�	�	%ģ���;P

^Mø!ÙÿdCìúĎƃŹªqbpƄ9{Ĕ���CÅ�@I^Mø%qĵ�6�@I

^Mø!'�þpŜţļ9Ş� ��ę$Ŭİqĵ9Ł��"%35>OZA^QY^!

ğ��Ë9Ł��ĕÒ��ğŬ<?\9@I^MCŹª�°p"� ~ė�6�"!ĘŹ

9�ĺ%�6S[HG!
6�ĸñ��hø¿ MFC !'�;P^Mø�@I^MøCŝû

�Ë%35ÙÿdCìúĎ]Īİ�{Ĕ�76�M�cĹC�Ëş½�
6ĥ½Û� �

�ã�óŉ�2�����!'�ĕĎ}Ň%èŲ9Ņ�6ìúĎƃe%Q=P^ZƄ9�

/D^BGČÙÿ9³ŏ"��� 

 

 
k )�	�	���W¼¾´Cv]M3T�x{����Ã�9�|k 
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4. 2 �W¼¾´9¿«X®}³ 

)�
�	�¯�¿«£csÀZ�C�F3¿«X®}³9¸Y�

FYD^\ļ A 9ė��"�C SRM Ńķz DO ċ½Cĳè¢�9k )�
�	%ģ���®

ſű¨� �4 12 èŲÅ%ŃķzC DO � 4.8 mgO2 L −1 -!`æ����³čĮƃcontrolƄ

'®ſíŲd!į 0.2 mgO2 L −1 ��`æ�$�����CĴð%35�SRM '�}%±´

�7 �5�Ŭİ�FYD^\ļC.9k� qĵ�7��"�ģ�7�� 

FYD^\ļ A� B �3( C 9ė� �÷C®ſ9Ł�ƃn=3Ƅ�KLa '�7�7 1.8� 1.4

�3( 1.1 d−1 "ĭ|�7��_ã�³čĮC KLa ' 0.1 d−1 "ĭ|�7ƃk )�
�
Ƅ�FYD

^\ļ A� B �3( C "CŲ%ìÏº�ņ47�ƃpƈ0.01Ƅ�FYD^\ļCġ½'FY

@C�ìŮC¡�""1%¡��6��ŬİŜţÍĺ'ĉ·�6�"�_ľę%ĝ47 

�6����� �ë1o�ġ½9ì�6FYD^\ļƉ�ë1ƀ� KLa 9ģ���-��

FYD^\ļƉ%�}%ğ�ıĿ�lĜ��"��ĔŎę%ĭ|�76ğ�ş½' 3.0 mgN 

L −1 d−1 �3( 472 mgN m −2 d−1 "ņħ147���7mÅC®ſ!'�ë1ŬİqĵÍĺ�

ƀ���ļ A 9ė��� 

 

 
k )�
�	��rÄ·±^9 4� 9­�nd�
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)�
�
�IOHSQ´8V¡M3��´9¢d}³�

ğ�ıĿ�lĜ�� SRM-biofilm ŃķC 1 E<BZCŢŖƃ81	92 åƄ%��6øzC

Īİċ½9k 4.2.3 %ģ���NO 3
−−N"NO 2

−−NC¡��3(NH4
+−NCĉ·�Ģō�7�

lĜ��ĕĎļ%35ğ��Ë�Œ�� �6�"�ģ�7���Cğ�ş½' 52.5 mgN L 
−1 d−1 "ĭ|�7�ĔŎę$ğ�ş½ 3.0 mgN L −1 d−1 35į 18 t1ƀ�����-5�ĕĎ

ļC«�%35��ę$Ŭİqĵ'į 18 t1à��7��ĕĎļ'FYD^\ļ�4��

ę%qĵ�7�Ŭİ9ĆŐ�6�M�FYD^\ļ9k��ŬİCċ½�ũ�¥��s�

7��"%35�35¤�CŬİ�øz%qĵ�7��"�ĸ
47���CĴð�®ŷ

Cğ�ş½'ĔŎę$ğ�ş½"ýŗ� ¥��%à��7��"�ĸ
47��FYD

^\ļKW^R%ĩþ9Ś5Ř.$�4�ğ�ıĿĕĎļ9lĜ�����CŬİqĵş

½9ŋr��ůî4ƃ1991ƄCĞĨ!�÷CĴð����7 �6� 

ğ�ŌſCĴð9k 4.2.4 %ģ���øz9éþ����Cğ�ş½' 153 mgN L −1 d−1

!
����7%³� �£Ũ>OZA^CÔx�$��FYD^\ļ9ė����ę$

Ŭİqĵãā!'�ĄxNH4
+–NCċ½�600 mgN Ɗ−1C"�Cğ�ş½ƃ52.5 mgN L −1 d−1Ƅ

'éþèCį 34Ɓ9�M��-��ğ�ıĿĕĎļC NH4
+–N %³�6Ž�­á' 1.0 mgN 

L −1 !
6ƃHenze et al. 2000Ƅ��ğ�Ōſ!'Ąx NH4
+–N Cċ½�ƀ�$6%"1$��

ğ�ş½�ƀ�$6�"�Ģō�7��NH4
+–N Cċ½�ƀ�+#�35¤�CŬİ�FY

D^\ļ9k� ��ę%qĵ�7��ĺÍ�ĸ
47����!�Ąx NH4
+–N Cċ½�

20�40 " 600 mgN L −1 "�C DO ċ½9�x (�	�+9ė� Ōĭ���ğ�ıĿCċ½ƃXƄ

' 36.8 mg COD L −1 "Ú­�7�20�40 " 600 mgN L −1 "�C SNH4 (KNH4+SNH4)−1 '�7�

7�0.952�0.976 " 0.998 "Ú­�7���74Cu9ė� �20�40 " 600 mgN L −1 "�

C SO2 '�7�7�0.046�0.092 " 0.261 mgO2 L −1 "ĭ|�7���CŌĭ'�lĜ��ğ

�ıĿĕĎļC«�%35�FYD^\ļ9k��ŬİCċ½�ũ�¥��s�7�"�

��ř��ĸ²9ńl��� 
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k )�
�(��!=��2 ·±^9¦«�w9­�ndÆ-	E.
Ç�

 

 
k )�
�)���] ;7)�B; 9�w7¢d½w9ÁZ�

 
)�
�(�IOHSQ´9¿«X®8?AU¢¿~¦«9¶¥�

k )�
�
% SRM-B CŢŖíŲ%��6 NO 2
−−N ŀħđ" NH4

+–N ü«đ9ģ���62 å

Ě-!CE<BZ!'�Ùÿ9jÜ� �4 6	7 åÅ%į 0.2 Cë¥C NO 2
−−N ŀħđ�

Ģō�7��_ã�NO 2
−−N ŀħđ'ŢŖ 62 åmÅ%ûĬ%¡���ë¥!į 1.0ƃ118 å

ĚƄ%Ť�������NH4
+–N ü«đ�¶��$6�"%�����NO 2

−−N ŀħđ'o

a��� 

Øp%ĕĎļ�ÃÒ�76���;\VN;Ŭ�ıĿƃAOBƄ'ēÃBXGJ^9ÃÒ
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���� �:â�%35�+":#C AOB 'ĕĎļCłŻ35ć¸Ũ%«��6"��

�7 �6ƃ¹Ũ4�1999Ƅ�þpŜţļ%lĜ��ĕĎļ!'��ő"Ŭİ��7�7ś

ã��4qĵ�76�M�§þÍÈĕĎ"©þÍÈĕĎ��7�7ĕĎļC¼Ż"łŻ%

«��6ƃSemmens et al. 2003Ƅ�ïĞĨ!'��ř��g�%Ÿħ��ğ�ĀĂ9òĦ��

�M�ÃÒ��ĕĎļ%«��6ÈĕĎC¤�'ğ�ıĿ!
6"ĸ
476��4%�

ĕĎļ' 62 åŲ%8�5žĽ9Ł���m`C�"9ŕ-
6"�AOB BXGJ^�ýŗ

ęŶŲ�¥��öŠ!
6�Mƃ¹Ũ4�1999Ƅ�ĕĎļCć¸%!1�ő��}%qĵ�

76"ĸ
47��-5�FYD^\ļ%lĜ�� AOB '��ő"ŬİCcã9Þ��6

�"�!�6����� �AOB 'iğŬŬ�ıĿ35���ę%qĵ�7�Ŭİ9~ė

!�63�%$� �6�"�4�øz% NO 2
−−N Cŀħ�ĕ4��"�ĸ
47�� 

 
k )�
�
��;7)�#;��p�7 ;�
A; ¶¥�9�£�

 

4. 3 MFC 8?AHSGJ�����9���Âe7�Ã}³ 

)�(�	��63 9���Âe�

>;@I^M� MFC 9 125 åŲ%8�5ŢŖ��� ĄxÿC DOC ' 450	500 mgC L −1

!
����1 E<BZCŢŖÅ%į 30 mgC L −1 -!ĉ·��ƃk )�(�	Ƅ�DOC Cŵ��

đ'ƇƆƁm`Ť� ���ÙÿdC }ċ½� 10 g L −1 9œ
6"�UJ\Ęū�Á�Ó

��76"���7 �6ƃKugelmanƂMcCarty�1965; LefebvreƂMoletta�2006Ƅ�MFC %

ų� '�NaCl 9 10 g L −1 -!Ĉ�� 1�ŪŬ9�ő"� ŢŖ�� MFC CìúĎŵ�

"ĘŹÍĺ%Äż9�,�$�"���7 �6ƃLefebvre et al. 2012Ƅ�ïĞĨ!'�Ąx

ÿ%' 68Ɓƃv v�1ƄCąÿ9�M ���-��ąÿC ċ½'į 3.5Ɓƃw v�1Ƅ!
6�

M�ĄxÿC }ċ½' 23.8 g L −1 "Ú­�76��Cĥ½C }ċ½'ąÿ��-7�ù

ßD^BGČ¾ÿ9{Ĕ�6 MFC CìúĎŵ�9Ŵ¯�$��"�ģ��7�� 
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k )�(�	�EaFLSMm �63 9�]�7��9 4�3�

 
)�(�
��63 9�Ã}³ 
hø¿ MFCƃTwo-chamber MFCƄC 1 E<BZĚ%��6Ź�" DOC 9k )�(�
 1�%

ģ���DOC �ĉ·%�7�ë¥! 0.36 V CŹ��Æ47���CĴð'�ĄxÿdCQ

=P^Z� MFC %35ŵ��7��� Źþ%¢Ü�7��"�ģ�7�� 

19 åĚƃ2 E<BZC 4 åĚƄ%Æ47�|�±½êĶ"}ôêĶ9k )�(�
 2�%ģ�

��MFC Cë¥|�±½' 62 mW m�2 %Ť� �5�zŨ×Õ' 258 Ω "ňĭ�7��Q

=P^Z�ĕ}Ň�%���MƃSong et al. 2014Ƅ�ï MFC Cë¥|�±½'CZD^G9

�ő"��Nafion-MFCC 262 mW m�2ƃLiu & Logan� 2004Ƅ"ŪŬ9�ő"��Nafion-MFC

C 328 mW m�2ƃLiu et al. 2005Ƅ"ý*�'6�%o�������$�4�ï MFC Cë¥

|�±½'�ä�CQ=P^Z9{Ĕ�6 MFC 35ƀ����Luo 4ƃ2009Ƅ' 400 mg L 
−1 CQ=P^Z9{Ĕ�6hø¿ MFC 9ė� 6 mW m�2 Cë¥|�±½9Æ��Song 4

ƃ2014Ƅ600 mg L−1 CQ=P^Z9�ő"� ŢŖ��hø¿ MFC �4 16.5 mW m�2 Cë

¥|�±½" 898 Ω CzŨ×Õ9Æ47 �6�-��Buitrón 4ƃ2014Ƅ' 1000 mg L −1

CQ=P^Z9>;@I^M� MFC %Ôx��49.8 mW m�2 Cë¥|�±½" 460 Ω Cz

Ũ×Õ9��� �6�MFC CĘŹ'zŨ×Õ%35Äż�76�"�3�ĝ47 �6

ƃLogan et al. 2006; Ter Heijne et al. 2006Ƅ�ĄxÿC }ċ½C¡�%"1$��;P^Mø

CŹþnµ½ƃECƄ�¡���zŨ×Õ�¶��$6�"���7 �6ƃLefebvre et al. 

2012; Li et al. 2013; Liu et al. 2005Ƅ�ïĞĨ!'�MFC C;P^Mø% 68Ɓƃv v−1ƄCąÿ

9�-7 ����CĴð�MFC |�±½��`�7��"�ĸ
47�� 
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k )�(�
�T�x �63 ���Âe7�Ã}³È�

 1��Ãl7 4�3 Âe�� 2��_btw�°7`��° 
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4. 4 IOHSQ´Cv]M3T�x MFC 8?A���R¦«9i�

Âe7�Ã}³ 

hø¿ MFCƃDual-chamber MFCƄC@I^Mø%��6 NH4
+–N�NO2

––N " NO3
––N ċ

½C¢�9k )�)�	 1�%ģ���NH4
+–N Cĉ·%"1$� NO2

––N " NO3
––N C¡��Ģ

ō�7��-��NO2
––N " NO3

––N C¡�Ů'�NH4
+–N Cĉ·Ů35·$�����-

5���ęŬİqĵ%35@I^Mø!ğ��Ë"ĻĪ�Ë�fÎ��Ş5%šŁ���

"�Ģō�7�ƃk )�	�	Ƅ� 

ï MFC Cë¥|�±½� 54ƌƋ ƌƅ2 !
5�)�
%ř*� Two-chamber MFC 358�

�%o����-��CE ' 2.7Ɓ"ĭ|�7�ìúĎĊ"� Q=P^Z9ė��ä�C 1

	4Ɓ"+,�4!
��ƃLuo et al. 2009; Buitrón et al. 2014; Song et al. 2014Ƅ�©þĐÐ!

'�Q=P^Z�UJ\Ŀ�ĻĪıĿ"ĠŬ ŧwĿ%3� }Ň�76ƃLuo et al. 2009Ƅ�

ï MFC Co CE '��C3�$©þÍÈĕĎƃźŹþĕĖıĿƄ%35ĕ4��ĺÍ"ĸ


476�-��ąÿ%�-76ĠŬ 'Źª�°p%$6�"�!�6�MƃDu et al. 

2007Ƅ�ŹªÝ¦À�Œ����ĺÍ1ĸ
476� 

;P^MøC DOC ċ½"@I^MøCĪİƃNH4
+–N�NO2

––N " NO3
––NƄċ½Cĳè

¢�9k )�(�	 2�%ģ���466 mgC L −1 CQ=P^Z� 10 åŲmz%ŵ��7��;P

^MøCì�°ħƃ0.5 LƄ9ĸÑ�6"�Q=P^ZCŬ�%"1$��0.091 mol CŹª

�ĕÒ�7��ï MFC C CE ' 2.7 %!
���M�@I^Mø%Ĥ���Źª� 0.0025 mol

"ňĭ��6��74Cu9ė� �@I^Mø%��6Īİŵ�CzŊ9Ú­��ƃk

)�(�
Ƅ�NO2
––N -�' NO3

––N 9Źª�°p"� ŵ��7����0.007–0.011 gN C NO2
–

–N -�' NO3
––N �Źþ�¬ęĻĪ%3� ŵ��76"ňĭ�76�k )�)�	 1� %ģ

�7�3�%�@I^Mø! 0.194 gN C NH4
+–N �ŵ��7��"�4�ğ�ıĿCĪİ

��Ů' 0.004−0.009 gN "ĭ|�76�-��k )�)�	 2� %ģ�7�3�%�@I^Mø

! 0.02 gNƃNH4
+–N�NO2

––N " NO3
––NƄ�ŵ��7���74Cu9ė� �ĕĎ¬ę

ĻĪ%36Īİŵ�Ů'�ëĲę% 0–0.009 gN "Ú­�76��43�%�CE = 20 %C�

�CĪİŵ�CzŊ9Ú­��k )�)�
%ģ���Źþ�¬ęĻĪ' 0.052	0.081 gN -!

�`��yĪİŵ�Ůƃ0.056 – 0.090 gNƄC 90 – 93 %9�M6�"%$6��CŌĭ%3

5�ï MFC %�� '�Źþ�¬ęĻĪ�¤�CĪİ9ŵ��6S[HG!
6�"�ģ

�7���-5�CE Cà�'Īİŵ�Íĺ9�`��6�MCŰ!
6�"�ç4�"$

���-��ìúĎŵ�đ' 90Ɓm`�ŤÒ!��"� 1�Īİŵ�đ' 18	22Ɓ��

$�"Ú­�7��Īİŵ��đ9¥��à��6�M%'�@I^MFCĄxÿC»ŭ

�ÊŅ"ĸ
476� 

Źª�°p"� 1 mol C NO3
––N �ĻĪ%~ė�76"�5 mol CŹª�ÊŅ"$5ƃx

(�	�-Ƅ�358.4 kJ mol N−1 C>OZA^9£Ũ�Ŕ!���6�"�!�6ƃHenze et al. 

2008Ƅ�_ã�1 mol C NO2
––N �Źª�°p"� ĻĪ%~ė�76���3 mol CŹª�
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ÊŅ!
5ƃ¿ 3.1.9Ƅ����ĺ>OZA^' 279.7 kJ mol N−1%ěÂ�6ƃHenze et al. 2008Ƅ�

���� �NO2
––N 9Źª�°p"� ~ė�6"�NO3

––N "ýŗ� 35·$�Ź�

9Æ6�"%$6��Īİċ½935o�ŵ���6�"�!�6�ï MFC %�� �@

I^Mø%' NO2
––N " NO3

––N 9�:!�5�)�
 !Chø¿ MFC "ý*6"ë¥Ź�

±½o����_ã��řC3�%�NO2
––N 'FYD^\ļ9v
�@I^Mø%ŀħ�

6����� �ïĞĨ!ĸñ��FGLT'�NO2
––N 
6�' NO3

––N CĕÒ9ŦÖę

%�Ç�6�"%35�>OZA^ĕÒ"Īİŵ�9ëť��6�"��ĺ"$6��4

%�Ē��PEM $�C>;@I^M� MFC 'ĕăÙÿ%{Ĕ%3�~ė�7 �6�F

YD^\ļ9~ė� ŬİŜţ9�Ç�6"��ïFGLTCďÉ'��C3�$>;@

I^M� MFC %1ťė�ĺ"ĸ
476� 

�
k )�)�	�T�x �63 ���Âe7�Ã}³È�

 1��;7)�#;C�;�
B#; 7 ;�(B#; 9­�nd�� 2��4�3 7¦«9Âe 
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�

k )�)�
�T�x �63 8*KA 35 , 
���Ær�[Çf; 35 , 
%��Æ�q[Ç97-9�

¦«Âe�
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� (�� ³;=N�µ�sZ�r���x´�-|�� 

²a*�´,b1"q¶ 

 
(�� MFC -¯°²a*�´ 

(�� LAS �\z- MFC -|��²a*�´ 

(�	 LAS ,S7 MFC -@OMN]�-we 

 
³;=N�µ�sZ-P'F�7�±:L?LHNDNBLIN°j·.
1¸� �-� -|

��²a*�´s�,b1"q¶9¥M7�*9��*!C5�´r����uvcF�

7`�+|��9m¦*!Cy�~£!R"�C44(�� F.4¯°9i§F­¨!E�C

<:>EOFh �-� -|��²a*�´s�9ªMC5(�� F.4¯°* .
14.
1 -39

A8%8�U #E4�-� -|��²a*�´s�9¥MC5(�	 F.4(�� * (�� -2*

4*!E4.
1 � �-� -@OMN]�,b1"q¶9~£!C5�

======================================================================= 

 

� �
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(�� �S«®�-d^�°�T�9Y�!CR�pr���x´�

-�}�

(������-� -¯°²a*�´�

MFC&x��©ª�� 108−110G=DY&ŝ�9f (����%ċ���110G=DYă%

Ćă�5" ōŎòµ&ï±1ŝ�&�ï�ĊĴ�6��12 hfv%ōŎ�Ř��6 Ö

¡! 0.15 V&ŝ��¼36���&2�$ōŎòµ1ŝ�&s�' �&Ą}& 2G=D

Y!0�ß!��������  MFC'ōŎ9{ü� ©ªĂ%āŝ9ĩ� �5�"

�ĊĴ!
����! ÙMFC9ü�  ºŀ�5 LASî�&¸Š�Ĳo!
5"zÏ

��� 

 
f (��������)¹��� A;@L,8�7 �-� -´g-�zk_ 

 

(��º.
1 �\z- �-� -|��²a*�´�

� (������-� -¯°²a*�´ 

ōŎ&.ŨRun1ũ ōŎ" LASŨRun2ũ9MFC%ët��"
& 1G=DY&ōŎòµ

"ŝ�9f (����%ċ���Run1!'ōŎ' 12 ÔŖfv%Ř��6 ��� Run2!'

18 ÔŖ0ĭ����-4 LAS�§��5 Run2&+�� Run1240ōŎ&Ř�ńµ�j

�$��� 

�63&Run&ŝ�9ãĽ�5" Ö¡r'��60ė0.15 V!+":#³�$����

]Ð ŝ�'ōŎ�Ř��6�º%ï±�¤/��0.02 V %$5-!&ÔŖ' Run1!'

12 ÔŖ Run2!' 20 ÔŖ!�����6�6& Run!��!
�ŝĦő9ĕx�5" 

0

20

40

60

80

100

0.00

0.05

0.10

0.15

0 10 20 30
Ac

�
m

gC
/L

�

Vo
lta

ge
(V

)

Elapsed time (h)

	���

)������01� 
	���

)������01� 
	���

)������01� 
�(������01� 



ē �Đ� �ř=?[þşê¿~�½úõôÎŝç&×áõŘ�"āŝ%�,�¸Š�

- 64 - 
 

Run1' 55 C!���&%°� Run2' 91 C!�4 Run1&ė 1.7q!����Run2&

ëtå&×áõòµŨ130 mgC L−1ũ� Run1Ũ100 mgC L−1ũ& 1.3q!����"9ĠÀ�

5" �& ���!
�ŝĦő' 30 mgC L−1& LASî�%25ëtóĘő&����!

'ĵÓ���$�� 

Run1 Run2&x�ŪŝëÕĝ"ŝ�ŪŝëÕĝ9f (����%ċ���Run1!'ŝë®

µ� 511 mA m−2&"
%Ö¡x�®µ' 74 mW m−2!������MR<?[Ĥ9ü��

Ñ�ŨAsensio et al. 2018ũ!'ė 200 mW m−29��� 
4 ÙMFC24Ŧ���ĸ"�

 Á`� ��ōŎ&òµ' 5000 mgCOD L−1Ũ1873 mgC L−1ũŨAsensio et al. 2018ũ!�5

�/ ÙMFC& 100 mgC L−124Ŧ���&�/ ÙMFC24Ŧ�Ö¡x�®µ�¼36

�"Ġ	365�]Ð Run2!'ŝë®µ� 420 mA m−2&"
%Ö¡x�®µ' 74 mW m−2

!����yÞÕĝ9ü� vŋÄÂ9ĕx��"�7 Run1!' 157 Ω!���&%°

� Run2!' 200 Ω!����Ö¡x�Ô&ŝë®µ&Ŋ�' �&vŋÄÂr&Ŋ��¸

Š� ������ 30 mgC L−1& LAS9î�� 0 Ö¡x�®µ%'¸Š�$���� 

 
f (������¯°-3·032�¸8SL¯°* .
1�032� tUz- �-� -¯°�o*�
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f (����  ¯°-3·032�¸8SL¯°* .
1�032� tUz- �-� -W[¹´�{�*�

´g¹´�{��

 
(������-� ,8�7 .
1 -u¢�

LAS&.9Át�� Run3& LASòµ"ŝ�9f (���	%ċ��ëtåa& LASòµ'

100 mgC L−1!���� ëtĄº%' 86.2 mgC L−1%j_���ët""0%�.1�%

�Ć��0&"Ġ	365��&º' LASòµ&ï±�ĊĴ�6���6%"0$�ŝ�

&�ï�ĊĴ�6 Ö¡! 0.025 V9ċ����-4 LAS'āŝ½úõ&ŝäúû%{ü

�6��"�ĊĴ�6�� 

MFC%
�5 LAS& C10 ~ C13&ï±÷9f (���
%ċ����ı!Į5" 24ÔŖ!

45.3 %& LAS�ï±��Ũ�ĆŘ�ő9Ř�" 31.5 ŧũ��6-! LAS&£ä¿yİ'

 ����6 �5ŨLarson et al. 1993ũ�LAS';YBY�&Øđ�3£ä¿½úõ%Ŏ�

�6jy¦��65ŨTsuji et al. 2009ũ�-� ;YBY�&óĘÍ� � LAS+#úyİ

�61��"��ö¿��5Ũ¢Ő 1989ũ�]Ð ÖĿ!'^Òë¥ä¿æé´ (UASB)

èŨOkada et al. 2014ũ1ĥ·æé´ (EGSB)èŨCenturion et al. 2018ũĔ%
�5 LAS&¥

ä¿yİ0���6 �5��&yİĚĺ';YBYŒ)&RUYŎe��3 Ĝ� β‐

Ŏ��¾ ùŕī
2(ģHYT[�& 4âś%y�365�"����6 �5ŨDelforno 

et al. 2019ũ���� C10 ~ C13&yİ¿-!'ķĶ�6 �$�� 

}ŀ��2�% Ù«ť!'MFC&àv^ŋ'®Ŕ�6 
4 àv&äą'ďĘAH

!ĞÈ�6 �5���� >;@J\L�MFC!'Ďäa&ŎĘ�>;@J\L1Ś=

?[bÈĤ9łň�5�"�ć36 �5ŨLiu et al. 2004ũ��&�/ ;P\L%£ä¿

½úõ�§��5�"����6 �5ŨPinto et al. 2010ũ��63&ćĮ9Ļ-	5" 

Ù«ť%
� ' LAS&£ä¿yİ"¥ä¿yİ&#�3��Ĺ���'zÏ!
$�� 
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LAS' C13�3 C10&š%;YBY�&óĘÍ� �0&+#ï±÷�Ŧ� £ä¿yİ

%Ţi��s��Į36�Ũf (���
ũ�$
 Run2!0�ß&s��¼36 �5� 
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(�	��.
1 ,S7 �-� -@OMN]�-we�

Run2%
�5 LAS&āŝ)&­`9Ĳo�5�/% Run1�3 Run3-!& CE9ãĽ

��Ũf (�	��ũ�«ť!¼36� CE' Run1 Run2 Run3&š% 3.4 % 4.6 ~ 5.5 % 1.1 

~ 1.6 %!����Run19n%"5" Ř��6�ōŎ&�� 3.4 ŧ'āŝ%m86�"�

��"9Ī� �5�Ñ�!' MFC& CE' 0.04 ŧ�3 97 ŧ%-!&Ė�!ß�$r

����6 �5ŨLuo et al. 2009ũ�CE%¸Š�5ĭ�"�  āŝ%­`�$�»²Ý

ţęħŨĒ�½úõũ&×áõÉ�1ĉŎ�Ĕ&ŞŝÞŝ¦�¬k%25ŝ¦&���4

Ĕ�Æ�36 �5ŨSong et al. 2014ũ�}ŀ��2�% Ù«ť&MFC&Ňļ!'ÊÅ9

ĩ$� ���-� G=DY�"% 0.5 L&wøå9uő¶
Ã� ������ 1G

=DY&Ňļv!ĬĞv%ăį!ĊĴ!
5ìņõĸ�§�� ��Ũf (�	��ũ��6�

eĆúõĤ�3�Ŝ��½úõ"�5" ÊÅ%24�&×áõÉ��pŅ�5��&�

/ CE ' 3~5 ŧ%ÿ-��0&"Ġ	365� 

Run3!'Ř��6� LAS��& 1.1~1.6 ŧ�āŝ%m86 �����! Run1 Run3

&Úg"ěÜ9ü� Run2& CE9ĳĕ���Ř��6� 100 mgC L−1&ōŎ&��āŝ

%m86�&' Run1"�� 3.4 mgC L−1!���"�  Ř��6� 9.4~13.6 mgC L−1&

LAS&��āŝ%m86�&' 0.15 mgC L−1"ıĕ�6���63&ěÜ9ü� Run2&

CE9ıĕ�5" 3.1~3.3 %"ĮČ036���&øĶr' Run2&«ð!¼36� 4.6~5.5 %

& CE24j�����-4 LAS�āŝ&×áõñ"� ­`����!'«ð& CE%

'ŉ�$�� 

Wen3. (2011) 'Ş=?[þşê¿~!�5 Tween 80 (0-80 mg L−1) 9EYF\H�ĸ 

(1000 mg L−1) !Ňļ� ��>;@J\L�MFC%î���"�7 Ö¡x�®µ� 0.6

�3 5.2 W m−2%��� MFC &vŋÄÂ� 27.0 �3 5.7 Ω %ï±��"��� �5

ŨDereszewska et al. 2015ũ���  �&x�&Ì�' Tween 80�ęġĤ&łň¿9�^�

55�"%24 ęġĤ9Ń5ŝ¦hŉÄÂ9ï±�5��"%ýÛ��"Ġ¯�6 �

5�-� Ş=?[þşê¿~!�5 rhamnolipid 9>;@J\L� MFC %î���Ĉč

n!0�ß&���$�6 �5ŨWen et al. 2010ũ���� Ş=?[þşê¿~"Ā$4 

ř=?[þşê¿~!�5 LAS'½úõ%°� þşê¿~"� ¸Š�5&.!$� 

ęġĤ&v�!&ŝĦ&QX[H%¸Š�5�"0Ġ	365� 

½úõ&ĤľŁ!' ęġĤ!&SZK[Ť���ŏĭ!�5�SZK[Ť��'ęġ

Ĥ9c��ŝĦ�Ō" pH�Ō%24ËŌ�65ŨComeau et al. 1986ũ���� ř=?[

þşê¿~�§��5" �&ŝĦ�Ō'¸Š�65�Ģ¿��5�úõ¨Ă4:Ř�9

ĩ�4:ĨČęħŨPAOsũ% LAS 9Á`��Ñ¹&Ĉč!' PAOs &ęġĪş%�Ć�

� LAS�ęġĤŖ9Ń��õĸľŁ%¸Š9�,� ōŎÉ�&ńµ1>OYC\�÷9

j_�5��"9��� �5ŨTsuji et al. 2009ũ��&2�% LAS'MFC&;P\L%

eĆ�5½úõğ&ęġĤ!&õĸľŁ%¸Š���Ģ¿�Ġ	365� 

MFC &;P\L%
�  āŝ½úõ&d%×áõ9É��5�āŝ�$�Ē�½úõ
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�§��5ŨLiu et al. 2004ũ�ö%£ä¿&Ē�½úõ'×áõÉ�ńµ�¥ä¿&āŝ½

úõ24ń��/ MFC&āŝ¿Ģ9j_�55ŨBasura et al. 1998ũ�(����!ŀ*�2�

% ōŎ%�	 LAS�§��5�� MFC&ŝ�&Ö¡r'ōŎ&.&"
"+,��

!���%0��83�āŝÔŖ�ė 8 h0œ� 24 �ŝĦő9l4x� ���MFC

&eĆúõĤ%
� ' Ē�½úõ'ĪşĿ�% �§�� āŝ½úõ'íŋ% �

§�� �5ŨMarcus et al. 2007ũ�"9}Ç"�  f^&ćĮ9Ļ-	5" LAS&§

�%24MFC&D\Z[�÷�Ì��6��"%°�  f_&W@NIV�Ġ	36��

LAS 9ët�55";P\LĪş%§��5Ē�½úõ&ĤľŁ�¸Š9�� ōŎ&É

��|ŗ�6���&ěÜ"�  āŝ½úõ�24 �&ōŎ9É��5�"�!
 

MFC&D\Z[�÷�Ì��6�"Ġ	365� 
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¡ ��� �½\�+r¾"Rs��GKIN?N,{YF�

zº^F9;HN<N,Z�b©u 

 

��  ��� ~kJBL+OR �� S}e"R­¤

,{Y�

��� i�us��,zº^[,³R�

��� i�us��,zº^[� ��� ,�½\

�+`/"r¾,�²�

�

� ��E-3~kJBLSZ�!D �� Sr¾"Rs��,GKIN?S³R!3=P+i

�us��,zº^t¢F56�^k�*¯�E �� S}e"Rb©u,�²S!A4�� 

E-3 ds��S¦1¶7BO�U8ENC��ªJBLS�5D3�� +o!Ds��

,cGKIN?N,wq°�S«53wq,À5GKIN?NS{Y!A4��� E-3���

+��Ri�us��Svl!3.�
� �S�u��+·�!3s��,§zº^[S³R

"Ry�S��!A4MA3.�
� �+O4¸pP�X�h+��R���u��, .�
� ,

]xSµ.3=P+j�2i�,FA@´¿E�u��, .�
� ,t¢Sµ.R�FE3�

���qF�u��, .�
� ,»SS��!A4��� E-3�� F ��� ,�®+gC�3s

��, .�
� ,¯��P3#,zº^[� �� +`/"r¾S�²!A4�
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�� ���� ~kJBL+OR �� S}e"R­¤,{Y�

��� � � ds��S¦1¶7BO�U8ENC��ªJBL,W�u�

  ó~¥ãß5û+ğ6�SÍe8ERDãßĄLCNĻě�2019ļ#/2Ďõ�� 1 >

9=N%Ħĝ�%ĪīÜ��u ĵÖ��5f �� � #î���ĪīÜ�#�
���Ù

a LCN%ĎõüÃ5ÏĞ�2 �0.5 d*�LCN�&ĪīÜ�%Ø�5Ć�ģ�Ďõ

����Æ$�Ĺa5gá�2� ����Ļě�2019ļ�*��ĵÖ��#�
��LC

N�&½�%ĵÖ��5Ć��Ĺa/1ĺ�Ďõ����6%æĵħï5Æ$gá���

Ļě�2019ļ�6���ÀLCN5ä
��CE #���¥ãß%}GMKRAR%©�Č

Â5Ĉ��� 

�

�

f �� � ���� JBL,±£TFm¿TÁ
�¹º¼_Â��½�nq�

 
�� ����� +o"Rwq°��

  ©�ČÂ%üÃ5¬ �� � #î���6%üÃ�CE #���ó~¥ãß%�Îzà YH

�½-ĺ
a5î��
1��¡ķ�Ķ�#�
Ļ2 ≤ #$%ļ� m��3��*��æĵ¥ã
ß ó~¥ãß%½�¾Ìß×Ęģ�-�¡ķ�Ķ�#�
� m��3�� 

 

¬ �� � ��� +o"Rs��,cGKIN?N,wq°� 
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CE 0.53 1.87 1.69 3.35 1.77 0.34

qmaxE qmaxH KSE KSH binaE binaH

CE 2.47 2.47 0.79 1.4 0.87 0.31
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����i�us��,zº^[ 

���� ��u��, ��1 ,§zº^[�

 Õ¨ÒÔ% EPS úĂf%ÛČ¨AQG=ęĭ5f ���� #î���EPS%ÛČ¨AQ

G=ęĭ& 36±4 ~ 44±10 mg g�1VSS�	1�º�ĻLiang�2010ļ �OIN�	���*

��EPS úĂf%ÛČ¨AQG=ę%~Ď#���EPS&÷ 8q5w,�
��6%�,�

Õ¨ÒÔ%úĂf% ORAC 5Đ`�2�,#&�EPS %ÛČ¨AQG=ę5{1ı�¦ĉ

�	2�\T%/�#�À¬Ó#/1�úĂ�ĻEPSļ úĂf%ÛČ¨AQG=ę54�

�¯i��� č�2� 

Õ¨ÒÔ% EPS úĂf% ORAC5f �����#î���EPS úĂf% ORACa%~Ď

#���EPS&÷ 5q5w,�
��­īuªj&úĂf�~ª�32-%�	1�6%j

�ĭ� 105\TĻMarklund� 1982ļ-	2�,�úĂĄ5Ģħ��"
�6���EPS �

ORAC 5î��âå&Õ¨ÒÔ�H7R?�Ûć�3�£#�úĂf%­īußę� EPS

#�*3�� �ā�032�ROS &úĂf�%�Ð[Ėħï�ãª�32��ù�ÿ%

Þ��ãª�32Ļ��´S�2011ļ�,��ė ��hâ�%y§AQ=# ROS���

�2� �ā�#�
�����H7R?%Ûć#/1úĂf�0 ROS�Ûi�2� �

ā�032�,�EPS#­īußę����2 �%/�" ROS�0¥ãß%úĂ²b5

�2¢q5d�� �ā�032�EPS&ÄËü~#/1HPB=% ª#Ĭĉ"¢q5Ã

��ĻShi et al. 2017ļ��6%Y# EPS&­īuă5-�|ă¨�î�3�� 
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�������u��, ��1 ,§zº^[ 
}É�0°{��Õ¨ÒÔ% ORAC DOC%üÃ5f �����#î���DOC& A1É�

0 O4É*�Ø����S¹�ORAC%a#&��"��"���H�Ð¨ãß&�Ðç"

[Ė5�2XG8<�W)�D75[/�X�D���[��L=dcbfRegoli et al. 2014gH

A1"X A2"W\�%\PcVIYKTSLGE�PcVIbS^G6%�[D7L"�ZAB

QG)�'(Z	0PcSOX\
�Z;J`cbHO[��G8<�W)�D75L/�QG�

D���L+?PcbOXZYbLG>!�Z_aA1"[*�&[�#-,�\1YbS^GAh

"X A2"W\ ORACL]`UIVISX;J`cbH 

��G�%PcVIS O1É�0 O4É�&�Õ¨ÒÔ¥ãß%úĂf#

�­īuªj

%×Ę ~ª��¼#Ě�2�,�ORAC&63)!�u�"��� ā�032�*��

O1É�0 O4É�&�A1É�A2É &�Þç# ORAC%'0���z*2c��Ċ03

���Ð¨¥ãß&�#-e	0QV�D���e��RbfCabiscol et al. 2000gH�#-e	

0RbXMZ8<�W�D���[+?X��L@ObS^GORAC \�.�[
$W*��

#-,�[CIZ_a3�2Z�MI]`UMe4QS[Z�QG�$W\	0WMb¾Ìß�

Ø����,�'0���é�ç#�����-% ā�032���[9 _aG��"W

[�#-,�\)�'(�/-[:�D��Z�MN�FRbOXLdKTSH 
 

 
f ����� c�V, 
.� �qF�u��, .�
� 

 
������j�2i��Q+��R����qF�u��, .�
� ,»S�

� �Ð �ÐÁ^#
�2ĪīÜ�ĻAcļ Õ¨ÒÔ% ORAC 5f ����� #î���Ac

Ü�&�Ĺ¿įW�Ø��2S¹�	1�Õ¨ÒÔ#/1ıx�3�
��ORAC #êè

�2 ��ÐÁ^Ļ0�1 hļ#

�& ORAC#�u�"���Ļp<0.05ļ��Ð�&Õ¨Ò

Ô&¾Ìß5³{��2���Ðç"[Ė���"
�6%�,�úĂf� ROS�ãª�

3��ORAC#&�u�"���� �ā�032�S¹��Ðç"�ÐÁ^#
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h% ORAC&Ø���2 h#"2 ORAC&�ĹĮ�¼ ��OIN#«��Ļp<0.05ļ�

�*1�1.5 h*�#Õ¨ÒÔ&úĂf%­īußę�×Ę�3�6%£³{��Īī5n

ä��­īußę5~ª��� �íđ�3��*���ÐÁ^#

��0.5 h\f�Õ

¨ÒÔ% ORAC%�u5Ĕ(2� ���2 î��3�� 

� pĠ��/�#��Ð¨¥ãß&�Ðç[Ė#/1úĂf�ãª�3� ROS#®­�2

�,#�­īußę5~ª�2ĻRegoli et al. 2014ļ� �ë03�
���Àĕ·�&l

,� ORACÓ5ä
�íđ�2� ����� 

 

 

f ����� j�2i��Q+��R����qF�u��, .�
� ,|]�

 

����i�us��,zº^[� ��� ,�½\�+`/"r¾,�² 

 ó~¥ãß5û+ğ6�SÍe8ERDãßĄLCN5ä
��CE #���æĵ¥ã

ß ó~¥ãß%}GMKRAR%©�ČÂ5Ĉ��üÃ�ó~¥ãß%�Îzà� CE#

V�2¡ķ��Ķ�#�
�� �î�3��y§ģ�ĕ�&��Îzà&�µ�V�0

32%�Sąç�	2�����8ERD#Zê���Ð¨ó~¥ãß&�Ĳ9;QX±

Ą<@RD. PTFE<@RD�0īø�ġħ�2�,��ĳ#&�Îzà��t�2|ă¨

-ā�032�������íđ�3�/�#��Ð¨¥ãß&¾Ìß5īujČ�2� #/

1úĂf�&Õ¨īøð�ãª�2� �ë03�
2��úĂ5İ¤�2�,#­īu
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